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INFLUENCE OF INITIAL STRUCTURE AND RATE OF 
HEATING ON THE AUSTENITIC GRAIN SIZE OF 0.5 
PER CENT CARBON STEELS AND IRON-CARBON ALLOY 


By Tuomas G. DicGEs AND SAMUEL J. ROSENBERG 


Abstract 


Tests were made to determine the influence of varia- 
tions in initial structure and rate of heating through the 
transformation temperature range on the grain sizes at 
1475 and 1600 degrees Fahr. (801 and 871 degrees Cent.) 
of a high purity alloy of tron and carbon and two com- 
mercial steels cach containing 0.5 per cent carbon. Varia- 
tions in initial structure had no effect on the grain size 
of the iron-carbon alloy. Although the initial structure 
had some influence on the grain size of the steels no 
correlation was found between the grain size and the spac- 
ing of pearlite or the form and distribution of the car- 
bides. The rate of heating had a pronounced effect on 
the grain size of the iron-carbon alloy and in some cases 
the rate of heating also influenced the grain size of the 
steels. However, the trend in the steels was the reverse 
of that of the iron-carbon alloy in that the finest grains 
were obtained in the steels with slow rates of heating. 


INTRODUCTION 


N a previous study (1)* made with high purity alloys of iron and 

carbon and plain carbon steels it was shown that in certain cases 
the austenitic grain, size was markedly affected by the rate of heat- 
ing through the transformation temperature range. It was recog- 
nized at that time that variation in the initial structure was also a 
factor that should be considered in a study of austenitic grain size. 
The work reported herein is concerned with the influence of both 
the initial structure (i.e., the structure existing just prior to heat- 
ing to the temperature establishing the austenitic grain size) and 
the rate of heating upon the grain size of certain of the materials 
used in the previous investigation. 





1The figures appearing in parentheses pertain to the references appended to this paper. 


__ A paper presented before the Twenty-fourth Annual Convention of the So- 

ciety held in Cleveland, October 12 to 16, 1942. The authors, Thomas G. 
Digges and Samuel J. Rosenberg, are metallurgists, National Bureau of Stand- 
fe — of Commerce, Washington, D. C. Manuscript received 
April 3, 1942. 
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EXPERIMENTAL MATERIALS AND PROCEDURE 


The chemical compositions of the alloy and steels used in the 
present study are given in Table I. The iron-carbon alloy was pre- 
pared in the laboratory (2) and contained less than 0.031 per cent 
identifiable impurities. The two steels were commercial heats dif- 
fering principally in the amounts of aluminum oxide and aluminum, 
Heat designated C-1, with the lower proportion of aluminum, was 
produced under conditions which resulted in noncontrol of austenitic 
grain size, whereas heat C-2 was produced under conditions intended 
to control the austenitic grain size. Each heat was representative of 
good commercial practice. In this report, these two steels are occa- 
sionally indicated by the terms “noncontrolled grain size” applied 
to steel C-1 and “controlled grain size” applied to steel C-2. 

The iron-carbon alloy was treated for three different initial 
structures which consisted of (a) coarse pearlite, (b) fine pearlite 
(sorbite), and (c) spheroidized cementite (Fig. 1). All of these 
treatments were carried out in vacuum and the pearlitic structures 
were not produced by isothermal reactions. 

Each of the two commercial steels. was treated to give initial 
structures differing in the interlamellar spacing of pearlite or in 
the form and distribution of the carbides (Figs. 2 and 3). These 
initial structures were (a) coarse pearlite obtained by pack anneal- 
ing at 1700 degrees Fahr. (926 degrees Cent.) ; (b) medium pearl- 
ite obtained by air cooling after hot rolling; (c) fine pearlite 
(sorbite) formed by isothermal reaction at about 1010 degrees 
Fahr. (544 degrees Cent.) ; (d) bainite formed by isothermal reac- 


Table | 
Chemical Composition of Iron-Carbon Alloy and Steels Used 








———Element (Per Cent by Weight) 
cl 


Solu- 
: ble Total 
Identification Cc Mn P S Si Ni Co Al,O; Al Al 
Iron-carbon 


H-! Oz Ne 


alloy? 0.50 0.002 <0.001 0.004 0.002 0.007 0.007 ND* ND ND 0.0002 0.003 0.001 
Noncontrolled 

steel (C-1) i we 023 .023 22 1... «+. .OO1 .002 0025 .0002 .004 .0m 
Controlled 

steel (C-2) 49 ~=—80 022 .028 21). we ee ws 007 016 .0195 0002 .003 . 


1Values for gaseous elements obtained by the vacuum-fusion method. 

2Total identifiable impurities, less than 0.031 per cent obtained by spectro 
chemical, chemical, and vacuum fusion analyses. — 

3ND means not detected. 
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Fig. 1—Initial Structures of the Iron-Carbon Alloy. Etched with |! 
Per Cent Nital. x 500. 
A—Coarse Pearlite 
B—Fine Pearlite 
C—Spheroidized Cementite 
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tion at 720 to 750 degrees Fahr. (382 to 399 degrees Cent.) ; and 
(e) spheroidized cementite produced by prolonged heating of sor- 
bitized steel in the temperature range of 1200 to 1300 degrees 
Fahr. (649 to 705 degrees Cent.). 

An interesting feature of the spheroidized structure of the 
iron-carbon alloy was the tendency of the carbides to coalesce in 
the form of a network as is shown in Fig. 1C. 

The experimental procedure used was the same as that described 
in detail in the previous report (1). Essentially, it consisted in heat- 
ing small specimens, approximately 75 inch square by 0.04 inch thick, 
in a lead bath or in vacuum at various rates to 1475 or 1600 degrees 
Fahr. (801 or 871 degrees Cent.). The specimens were held at 
these temperatures for 15 minutes and then cooled in a manner, 
suitable for delineating the austenite grains with pro-eutectoid fer- 
rite. The average time required to heat from 1325 to 1450 degrees , 
Fahr. (719 to 787 degrees Cent.) was used as a measure of the rate © 
of heating. This temperature interval included the transformation 
range of the 0.5 per cent carbon alloy and steels. 

For the fastest rates of heating, the specimens were plunged 
into a lead bath at at temperature of either 1475 or 1600 degrees 
Fahr. (801 or 871 degrees Cent.). With the small specimen used, 
an extremely rapid rate of heating (practically instantaneous) 
through the transformation temperature range was obtained in the 
lead bath. In conducting the tests in vacuum, the specimens were 
heated rapidly to a temperature of 1325 degrees Fahr. (719 degrees 
Cent.), then at the desired rate from this temperature to 1450 
degrees Fahr. (787 degrees Cent.), and then again rapidly to the 
required temperature of 1475 or 1600 degrees Fahr. (801 or 871 
degrees Cent.). Although the rate of heating from room tem- 
perature to 1325 degrees Fahr. (719 degrees Cent.) and from 1450 
to 1475 or 1600 degrees Fahr. (787 to 801 or 871 degrees Cent.) 
was not constant for all specimens, the maximum time required to 
reach 1325 degrees Fahr. (719 degrees Cent.) was about 4 minutes 
and the time required to heat from 1450 degrees Fahr. (787 degrees 
Cent.) to the desired temperature was usually less than 1 minute. 
It should be pointed out, however, that spheroidization of some of 
the initial structures used, especially in the case of the iron-carbon 
alloy, occurs very rapidly at temperatures near the Ac, transforma- 
tion. With the slowest rate of heating, the specimens were in the 
spheroidizing temperature range for a sufficient time to permit at 
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Fig. 3—Initial Structures of Controlled Steel C-2. Etched with 1 Per Cent Nital. 
500. 


A—Coarse Pearlite 
B—Medium Pearlite 
C—Fine Peartite 
D—Bainite 
E—Spheroidized Cementite 
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least partial spheroidization of the lamellar structures. It is evi- 
dent that, under such conditions, the austenite did not form directly 
from the lamellar structures but rather from partially spheroidized 
structures. 

Two or more specimens were frequently used for any selected 
condition of test, and the average grain sizes obtained are shown 
by representative photomicrographs at 100 diameters in Figs. 4 to 
29 and the estimated American Society for Testing Materials grain 
numbers are summarized in Table IJ. This table is included as an 
aid in comparing the effect of the variables studied. The grain size 
numbers enumerated were obtained by estimation on larger photo- 
micrographs than are shown in the figures. It is not always possible 
to show small differences in grain size by numbers; comparison of 
photomicrographs conveys a more definite picture. This is particu- 
larly true where the grain sizes are small (compare, for instance, 
Figs. 21D and 22D, both of which were rated as grain No. 8). 


RESULTS 


Iron-Carbon Alloy 


The interlamellar spacing of the pearlite or the form and dis- 
tribution of the carbides in the initial structures had no appreciable 
influence on the grain sizes established at 1475 and 1600 degrees 
Fahr. (801 and 871 degrees Cent.) in the high purity alloy of iron 
and carbon (Figs. 4 to 9). 

With each initial structure investigated, relatively fine grains 
were obtained at 1475 degrees Fahr. (801 degrees Cent.) provided 
the rate of heating was extremely fast. The grain size at this tem- 
perature, however, increased with decrease in the rate of heating 
until extremely coarse grains (A.S.T.M. grain No. 1 to 2) were pro- 
duced. The coarse-grained specimens often contained areas of coa- 
lesced ferrite (Fig. 5D). 

At 1600 degrees Fahr. (871 degrees Cent.), the average size 
of the grains obtained also was a minimum when the rate of heat- 
ing was rapid (Figs. 7B, 8A, and 9B), although the fastest rate did 
not produce the smallest grains when the initial structure was either 
coarse pearlite or spheroidized cementite. The specimens heated 
in a lead bath (fastest rate) always showed mixed size grains at 
1600 degrees Fahr.. (871 degrees Cent.), some of the grains being 
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_ vig. 4—Austenitic Grain Size at 1475 Degrees Fahr. of Iron-Carbon Alloy 
Initial Structure of Coarse Pearlite. Etched with 1 Per Cent Nital. x 100. 


A—Heated in Lead Bath 

B—Rate of Heating = 540 Degrees Fahr. Per Minute 
C—Rate of Heating — 80 Degrees Fahr.-Per Minute 
D—Rate of Heating = 5 Degrees Fahr. Per Minute 
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Fig, 5—Austenitic Grain Size at 1475 Degrees Fahr. of Iron-Carbon Alloy with 
Initial Structure of Fine Pearlite. Etched with 1 Per Cent Nital. x 100. 
A—Heated in Lead Bath 
B—Rate of Heating = 620 Degrees Fahr. Per Minute 
C—Rate of Heating = 80 Degrees Fahr. Per Minute 


D—Rate of Heating 8 Degrees Fahr. Per Minute 
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_ Fig. 6—Austenitic Grain Size at 1475 Degrees Fahr. of Iron-Carbon Alloy with 
Initial Structure of Spheroidized Cementite. Etched with 1 Per Cent Nital. Xx 100. 
A—Heated in Lead Bath 
B—Rate of Heating — 1070 Degrees Fahr. Per Minute 
C—Rate of Heating = 9&8 Degrees Fahr. Per Minute 


D—Rate of Heating 5 Degrees Fahr. Per Minute 
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Fig. 7—Austenitic Grain Size at 1600 Degrees Fahr. of Iron-Carbon Alloy with 
Initial Structure of Coarse Pearlite. Etched with 1 Per Cent Nital. xX 100. 
A—Heated in Lead Bath 
B—Rate of Heating — 1070 Degrees Fahr. Per Minute 
C—Rate of Heating = 130 Degrees Fahr. Per Minute 
D—Rate of Heating — 5 Degrees Fahr. Per Minute 
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_ Fig. 8—Austenitic Grain Size at 1600 Degrees Fahr. of Iron-Carbon Alloy 
Initial Structure of Fine Pearlite. Ftched with 1 Per Cent Nital. x 100, 
A—Heated in Lead Bath 
B—Rate of Heating = 1500 Degrees Fahr. Per Minute 
C—Rate of Heating — 280 Degrees Fahr. Per Minute 


D—Rate of Heating 3 Degrees Fahr. Per Minute 
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Fig. 9—Austenitic Grain Size at 1600 Degrees Fahr. of Iron-Carbon Alloy with 
Initial Structure of Spheroidized Cementite. Etched with 1 Per Cent Nital. x 100. 
A—Heated in Lead Bath 
B—Rate of Heating = 1250 Degrees Fahr. Per Minute 
C—Rate of Heating — 150 Degrees Fahr. Per Minute 
D—KRate of Heating = 5 Degrees Fahr. Per Minute 
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very coarse (Figs. 7A, 8A, and 9A). With slow rates of heating, 
coarse grains of the same order of magnitude were obtained at all 
temperatures (1475 and 1600 degrees Fahr.) (801 and 871 degrees 
Cent.) and with all initial structures (coarse pearlite, fine pearlite, 
and spheroidized cementite ). 

It is apparent that the dominant factor in establishing the grain 
size in this iron-carbon alloy, either at 1475 or 1600 degrees Fahr. 
(801 or 871 degrees Cent.), was the rate of heating and not the 
initial structure. The effect of the rate of heating was so pronounced 
that it also overshadowed the effect of the austenitizing temperature. 
Although it is generally understood that the higher the temperature, 
the coarser the austenitic grain size, it was possible to produce con- 
siderably coarser grains in this alloy at 1475 degrees Fahr. (801 
degrees Cent.), merely by heating slowly, than at 1600 degrees 
Fahr. (871 degrees Cent.) by heating rapidly. 


Noncontrolled Steel 


The influence of initial structure and rate of heating on the 
grain sizes at 1475 and 1600 degrees Fahr. (801 and 871 degrees 
Cent.) of the noncontrolled steel (C-1) is shown in Figs. 10 to 
19, inclusive. 

With the fastest rate of heating, slightly coarser grains were 
obtained at 1475 degrees Fahr. (801 degrees Cent.) with initial struc- 
tures of fine pearlite or bainite (Figs. 12A and 13AA) than with 
coarse or medium pearlite or spheroidized cementite (Figs. 10A, 11A, 
and 14A). The observed difference was not considered significant, 
however, because its order of magnitude was no greater than that 
obtained with duplicate specimens, as, for example, with an initial 
structure of bainite (Figs. 13A and 13AA). With the slowest rates, 
however, finer grains were obtained at 1475 degrees Fahr. (801 de- 
grees Cent.) with initial structures consisting of medium pearlite, fine 
pearlite, and bainite (Figs. 11D, 12D, and 13D), than were obtained 
with coarse pearlite or spheroidized cementite (Figs. 10D and 14D). 
With intermediate rates, a grain size contrast was often obtained in 
this steel. 

The rate of heating showed some minor influence on the grain 
size at 1475 degrees Fahr. (801 degrees Cent.) when the initial struc- 
ture was medium pearlite, fine pearlite, or bainite (Figs. 11, 12, and 
13), but was without effect when the initial structure was coarse 
pearlite or spheroidized cementite (Figs. 10 and 14). 
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Fig. 10—Austenitic Grain Size at 1475 Degrees Fahr. of Noncontrolled Steel C-1 
with Initial Structure of Coarse Pearlite. Etched with 1 Per Cent Nital. x 100. 
A—Heated in Lead Bath 
B—Rate of Heating = 1070 Degrees Fahr. Per Minute 
C—Rate of Heating = 120 Degrees Fahr. Per Minute 
D—Rate of Heating — 6 Degrees Fahr. Per Minute 
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_ Fig. 11—Austenitic Grain Size at 1475 Degrees Fahr. of Noncontrolled Steel C-1 
with Initial Structure of Medium Pearlite. Etched with 1 Per Cent Nital. x 100. 
A—Heated in Lead Bath 
B—Rate of Heating = 830 Degrees Fahr. Per Minute 
C—Rate of Heating — 180 Degrees Fahr. Per Minute 
D—Rate of Heating — 4 Degrees Fahr. Per Minute 
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Fig. 12—Austenitic Grain Size at 1475 Degrees Fahr. of Noncontrolled Steel C-1l 
with Initial Structure of Fine Pearlite. Etched with 1 Per Cent Nital. x 100. 
A—Heated in Lead Bath 


B—Rate of Heating 
C—Rate of Heating 
D—Rate of Heating 


680 Degrees Fahr. Per Minute 
16) Degrees Fahr. Per Minute 
6 Degrees Fahr. Per Minute 
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_ Fig. 13—Austenitic Grain Size at 1475 Degrees Fahr. of Noncontrolled Steel C-1 
with Initial Structure of Bainite. Etched with 1 Per Cent Nital. x 100. 
A and AA—Heated in Lead Bath 
B—Rate of Heating — 570 Degrees Fahr. Per Minute 
C—Rate of Heating — 110 Degrees Fahr. Per Minute 


D—Rate of Heating 6 Degrees Fahr. Per Minute 
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Fig. 14—Austenitic Grain Size at 1475 Degrees Fahr. of Noncontrolled Steel C-! 


with Initial Structure of Spheroidized Cementite. Etched with 1 Per Cent Nital. 
x 100. 


A—Heated in Lead Bath 

B—Rate of Heating — 940 Degrees Fahr. Per Minute 
C—Rate of Heating = 80 Degrees Fahr. Per Minute 
D—Rate of Heating = 5 Degrees Fahr. Per Minute 


ee 
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Fig. 15- 


’ _15—Austenitic Grain Size at 1600 Degrees Fahr. 
with Initial Structure of Coarse Pearlite. 


Etched with 1 Per Cent Nital. x 100. 
A—Heated in Lead Bath 
B—Rate of Heating 
C—Rate of Heating — 110 Degrees Fahr. Per Minute 
D—Rate of Heating = 5 Degrees Fahr. Per Minute 


of Noncontrolled Steel C-1 


= 1320 Degrees Fahr. Per Minute 
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Fig. 16—Austenitic Grain Size at 1600 Degrees Fahr. of Noncontrolled Steel C-1 
with Initial Structure of Medium Pearlite. 


Etched with 1 Per Cent Nital. x 100. 
A—Heated in Lead Bath 


B—Rate of Heating 
C—Rate of Heating 
D—Rate of Heating 


1070. Degrees Fahr. Per Minute 
110 Degrees Fahr. Per Minute 
4 Degrees Fahr. Per Minute 
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Fig. 17—Austenitic Grain Size at 
with Initial Structure of Fine Pearlite. 
A—Heated in Lead Bath 
B—Rate of Heating — 940 Degrees Fahr. Per Minute 
C—Rate of Heating — 90 Degrees Fahr. Per Minute 
D—Rate of Heating = 5 Degrees Fahr. Per Minute 


1600 Degrees Fahr. of Noncontrolled Steel C-1 
Etched with 1 Per Cent Nital. x 100. 
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_ Fig. 18—Austenitic Grain Size at 1600 Degrees Fahr. of Noncontrolled Steel C-1 
with Initial Structure of Bainite. Etched with 1 Per Cent Nital. x 100. 

A—Heated in Lead Bath 

B—Rate of Heating = 830 Degrees Fahr. Per Minute 

C—Rate of Heating — 280 Degrees Fahr. Per Minute 


D—Rate of Heating 9 Degrees Fahr. Per Minute 
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_ Fig. 19—Austenitic Grain Size at 1600 Degrees Fahr. of Noncontrolled Steel C-1 
with Initial Structure of Spheroidized Cementite. Etched with 1 Per Cent Nital. 
x 100 


A—Heated in Lead Bath 


B—Rate of Heating = 750 Degrees Fahr. Per Minute 
C—Rate of Heating — 20 Degrees Fahr. Per Minute 
D—Rate of Heating —= 7 Degrees Fahr. Per Minute 
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The grain size of this steel at 1600 degrees Fahr. (871 degrees 
Cent.) was not markedly affected by variations in the initial struc- 
ture or rate of heating, although some minor variations in grain size 
were observed. 


Controlled Steels 


The influence of initial structure and rate of heating on the grain 
size at 1475 and 1600 degrees Fahr. (801 and 871 degrees Cent.) 
of the controlled steel (C-2) is shown in Figs. 20 to 29, inclusive. 

Although variations in the initial structure influenced the grain 
size of this steel at 1475 and 1600 degrees Fahr. (801 -and 871 
degrees Cent.), the effects observed depended chiefly upon the rate 
of heating; no definite relation could be established between the 
initial structure and the grain size at either of these temperatures. 
For example, with the fast rates of heating, somewhat finer grains 
were obtained at both 1475 and 1600 degrees Fahr. (801 and 871 
degrees Cent.) when the initial structure was coarse pearlite (Figs. 
20A, 20B, and 25B) than when the initial structures were 
medium pearlite, fine pearlite, bainite, or spheroidized cementite, 
but with the slowest rates of heating the finest grains were obtained 
with initial structures of fine pearlite and bainite (Figs. 22D, 23D, 
27D, and 28D). Occasionally, particularly with intermediate rates 
of heating, marked contrast in the grain size was obtained in this 
steel. 

The grain size at 1475 degrees Fahr. (801 degrees Cent.) 
was influenced by the rate of heating regardless of the initial struc- 
ture (Figs. 20, 21, 22, 23, and 24). The grain size at 1600 degrees 
Fahr. (871 degrees Cent.) was also influenced by the rate of heat- 
ing when the initial structure was either medium pearlite, fine pearl- 
ite, or bainite (Figs. 26, 27, and 28). In all cases where the rate 
of heating influenced the grain size of this steel, the finest grains 
were obtained with slow rates, a relationship which is the reverse 
of that obtained with the iron-carbon alloy. It is noteworthy that 
by varying the rates of heating finer grains may be obtained in 
this controlled steel at 1600 degrees Fahr. (871 degrees Cent.) 
than at 1475 degrees Fahr. (801 degrees Cent.). 
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_ Fig. 20—Austenitic Grain Size at 1475 Degrees Fahr. of Controlled Steel C-2 with 
Initial Structure of Coarse Pearlite. Etched with 1 Per Cent Nital. x 

A—Heated in Lead Bath 

B—Rate of Heating — 750 Degrees Fahr. Per Minute 

C—Rate of Heating — 110 Degrees Fahr. Per Minute 

D—Rate of Heating — 3 Degrees Fahr. Per Minute 
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Fig. 21—Austenitic Grain Size at 1475 Degrees Fahr. of Controlled Steel C-2 with 
Initial Structure of Medium Pearlite. Etched with 1 Per Cent Nital. x 100. 
A—Heated in Lead Bath 
B—Rate of Heating — 420 Degrees Fahr. Per Minute 
C—Rate of Heating — 120 Degrees Fahr. Per Minute 


D—Rate of Heating 3 Degrees Fahr. Per Minute 
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_ Fig. 22—Austenitic Grain Size at 1475 Degrees Fahr. of Controlled Steel C-2 with 
Initial Structure of Fine Pearlite. Etched with 1 Per Cent Nital. xX 100. 
A—Heated in Lead Bath 
B—Rate of Heating — 750 Degrees Fahr. Per Minute 
C—Rate of Heating — 130 Degrees Fahr. Per Minute 
D—Rate of Heating —= 4 Degrees Fahr. Per Minute 
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Fig. 23—Austenitic Grain Size at 1475 Degrees Fahr. of Controlled Steel C-2 with 
Initial Structure of Bainite. Etched with 1 Per Cent Nital. x 100. 
A—Heated in Lead Bath 
B—Rate of Heating — 680 Degrees Fahr. Per Minute 
C—Rate of Heating — 130 Degrees Fahr. Per Minute 
D—Rate of Heating = 4 Degrees Fahr. Per Minute 
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_ Fig. 24—Austenitic Grain Size at 1475 Degrees Fahr. of Controlled Steel C-2 with 
Initial Structure of Spheroidized Cementite. Etched with 1 Per Cent Nital. xX 100. 
A—Heated in Lead Bath 
B—Rate of Heating — 1080 Degrees Fahr. Per Minute 
C—Rate of Heating —= 9% Degrees Fahr. Per Minute 
D—Rate of Heating — 4 Degrees Fahr. Per Minute 
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Fig. 25—Austenitic Grain Size at 1600 Degrees Fahr. of Controlled Steel C-2 with 


Initial Structure of Coarse Pearlite. Etched with 1 Per Cent Nital. x 100 
A—Heated in Lead Bath 
B—Rate of Heating — 1250 Degrees Fahr. Per Minute 
C—Rate of Heating — 140 Degrees Fahr. Per Minute 
D—Rate of Heating — 7 Degrees Fahr. Per Minute 
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Fig. 26—Austenitic Grain Size at 1600 Degrees Fahr. of Controlled Steel C-2 with 


[Initial Structure of Medium Pearlite. Etched with 1 Per Cent Nital. xX 100. 
A—Heated in Lead Bath 
B—Rate of Heating — 1500 Degrees Fahr. Per Minute 
C—Rate of Heating = 100 Degrees Fahr. Per Minute 
D—Rate of Heating — 3 Degrees Fahr. Per Minute 
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Fig. 27—Austenitic Grain Size at 1600 Degrees Fahr. of Controlled Steel C-2 with 
Initial Structure of Fine Pearlite. Etched with 1 Per Cent Nital. 
A—Heated in Lead Bath 

B—Rate of Heating 
C—Rate of Heating = 150 Degrees Fahr. Per Minute 
D—Rate of Heating = 4 Degrees Fahr. Per Minute 


x 100. 
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_ Fig. 28—Austenitic Grain Size at 1600 Degrees Fahr. of Controlled Stee) C-2 with 
Initial Structure of Bainite. Etched with 1 Per Cent Nital. x 100. 
A—Heated in Lead Bath 
B—Rate of Heating = 830 Degrees Fahr. Per Minute 
C—Rate of Heating = 120 Degrees Fahr. Per Minute 
D—Rate of Heating = 7 Degrees Fahr. Per Minute 
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Fig. 29—Austenitic Grain Size at 1600 Degrees Fahr. of Controlled Steel C-2 with 
Initial Structure of Spheroidized Cementite. Etched with 1 Per Cent Nital. x 10. 
A—Heated in Lead Bath 
B—Rate of Heating = 1500 Degrees Fahr. Per Minute 
C—Rate of Heating = 130 Degrees Fahr. Per Minute 
D—Rate of Heating = 7 Degrees Fahr. Per Minute 
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Discussion of Results 


It is apparent that both initial structure and rate of heating 
can affect the grain size at a particular temperature. Of these two 
variables, the data presented in this paper indicate that the rate 
of heating is the more important. This is to be expected, since 
with slow rates of heating some spheroidization of the initially 
lamellar structures occurred and the austenite thus formed from 
partially or completely spheroidized structures. Such spheroidiza- 
tion, however, could not have occurred during very rapid heating. 

The effect of variation in the rate of heating on the austenitic 
grain size was pronounced in the case of the iron-carbon alloy. 
Although very rapid rates of heating resulted in the formation of 
relatively small grains at 1475 and 1600 degrees Fahr. (801 and 
871 degrees Cent.) in this alloy, extremely coarse grains were 
obtained when the rate of heating was slow. 

From a commercial viewpoint, fortunately, the two steels inves- 
tigated did not exhibit a similar phenomenon. Slight differences in 
grain size were obtained with variations in initial structure and rate 
of heating. A definite correlation between initial structure and grain 
size could not be established. However, some indication of a cor- 
relation between the rate of heating and the grain size could be 
observed; the slow rates often caused the formation of the smaller 
austenitic grains. This trend was slight in the case of the non- 
controlled steel, but was more marked in the controlled steel. Atten- 
tion should be directed to the fact that the rate of heating not only 
had a much more pronounced effect upon the grain size of the iron- 
carbon alloy than upon the steels, but that the effect was opposite 
in the two materials. 

It is realized that the iron-carbon alloy and the steels differed 
widely from each other in chemical composition, especially with 
regard to P, S, Mn, Si, Al and gaseous elements, and that the iron- 
carbon alloy was relatively free from materials that are classified 
as grain growth inhibitors. Although the .observed difference in 
behavior must be attributed to these differences in chemical com- 
position, the present results do not show which of the elements, 
either individually or in combination, are responsible. 

The iron-carbon alloy used in this investigation is being uti- 
lized in a study of the mechanism of the transformation of differ- 
ent initial structures to austenite. The results of preliminary tests 
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indicate that the austenitic grains initially formed in this alloy are 
relatively small regardless of the rate of heating and that the grains 
grow rapidly in the transformation-temperature range. 

The controlled steel was relatively fine grained in the McQuaid- 
Ehn test (ASTM grain No. 8), whereas the noncontrolled steel was 
coarse grained (ASTM grain No. 3). It is interesting, therefore, to 
observe that the controlled steel—fine grained when carburized at 
1700 degrees Fahr. (926 degrees Cent.)—may have some coarse 
grains at the recommended quenching temperature of 1475 degrees 
Fahr. (801 degrees Cent.) (Figs. 22B and 23B) or at the normaliz- 
ing temperature of 1600 degrees Fahr. (Figs. 26B, 27B, 28B, and 
28C). 


SUMMARY 


A study was made of the influence of initial structure and rate 
of heating on the grain sizes at 1475 and 1600 degrees Fahr. (801 
and 871 degrees Cent.) of a high purity alloy of iron and carbon 
and two plain carbon steels each containing about 0.5 per cent carbon. 
The two steels were commercial heats which differed principally in 
the amounts of alumina and aluminum. The steel with the lower per- 
centage of aluminum was produced under conditions which re- 
sulted in noncontrol of the austenitic grain size, whereas the other 
heat was produced under conditions intended to control the grain size. 

The different initial structures (that is, the structure existing just 
prior to heating to the temperature establishing the grain size) con- 
sisted of either coarse pearlite, fine pearlite or spheroidized cement- 
ite in the iron-carbon alloy and either coarse pearlite, medium pearlite, 
fine pearlite, bainite, or spheroidized cementite in each of the com- 
mercial steels. 

Wide variations in the rate of heating were obtained by plunging 
small specimens into a lead bath or by heating them in vacuum. 
Except for the specimens heated in lead (most rapid rates), the rate 
of heating was taken as the average rate to heat from 1325 to 
1450 degrees Fahr. (719 to 787 degrees Cent.), which included the 
transformation temperature range. 

Variations in the initial structure of the iron-carbon alloy had 
no appreciable effect on the grain size at 1475 or 1600 degrees Fahr. 
(801 or 871 degrees Cent.). Although the initial structure had some 
influence on the grain size of the commercial steels, no definite corre- 
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lation was found between the grain size and the interlamellar spacing 
of pearlite, or the form and distribution of carbides. 

The rate of heating had a marked influence on the grain sizes at 
1475 and 1600 degrees Fahr. (801 and 871 degrees Cent.) of the 
iron-carbon alloy. At each temperature relatively fine grains were 
produced by rapid heating and coarse grains by slow heating. 

With some of the initial structures, the rate of heating affected 
the grain size at 1475 degrees Fahr. (801 degrees Cent.) in the 
noncontrolled and controlled steels, and at 1600 degrees Fahr. 
(871 degrees Cent.) in the controlled steel. In all cases where the 
rate of heating influenced the grain size of the commercial steels, the 
finest grains were obtained with slow rates, the reverse of the rela- 
tion found with the iron-carbon alloy. 
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DISCUSSION 


C. E. Jackson :* The authors are to be complimented on a clear-cut presen- 
tation of a complex phenomenon. I would like to point out some effects of very 
rapid rates of heating on grain size. In arc welded structures with weld metal 
deposited upon a steel the initial temperature of the plate at the fusion line 
may be increased up to the melting point in approximately 7 seconds. At this 
rapid rate of heating in many of the steels with lower carbon content than 
those studied by Digges and Rosenberg, the grain size of. the resulting 
ferritic-pearlitic structure is approximately No. 2. With faster rates of heat- 
ing and faster rates of cooling such as would be obtained with lower welding 
currents the grain size is smaller. Almost invariably the grain size is mixed. 
A survey of the hardness of these large grains at the fusion line by use of 
the Knoop hardness indenter locates the maximum hardness usually in th 
larger grains. 

We have examined probably about 50 steels in this respect in the plain 
carbon and carbon-manganese types. It is difficult to obtain the grain size 





*Sehior metallurgist, Naval Research Laboratory, Anacostia Station, Washington, D. C. 
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on steels such as the steels which contain molybdenum, because of the fact 
that the grains are not outlined as definitely as we find in the plain carbon 
and carbon-manganese steels. 

E. C. Barn’ By way of discussion of one of the points in this contribution 
of Digges and Rosenberg, I am reminded of an experimentally useful example of 
the tendency of certain “coarse-type” steels to coarsen more with rapid heating 
than with slow heating. You may recall the controversies which were in 
progress some years ago as to the reality of the deeper hardening of coarse- 
grained steels. Some held that the deeper hardening of a certain steel when 
its austenite was deliberately coarsened was not necessarily the result of the 
coarsening at all but rather a consequence of the higher heating temperature 
(and the homogeneity of carbon enhanced thereby) used to cause the coarsening. 

We discovered, however, a certain bar of steel which coarsened with rapid 
heating and as so coarsened was more deeply hardening than a finer grained 
piece heated more slowly and actually longer. Hence in spite of any improve- 
ment in carbon homogeneity the finer grains still lowered the hardenability. 
This set of conditions served to permit a critical experiment on the basic influ 


ence of grain size upon hardenability and permitted the drawing of reliable 
conclusions. 


Authors’ Reply 


The temperatures attained in the arc welding of steels are considerably 
higher than those used in the experiments described by the authors. It is 
interesting, therefore, to have Mr. Jackson’s observations that the rate of 
heating during the welding process influenced the final grain size in some low 
carbon and carbon-manganese steels. Dr. Bain has again emphasized the 
important relation of austenite grain size of a steel to its hardenability. 


2Assistant to vice-president, United States Steel Corporation of Delaware, Pittsburgh 








INFLUENCE OF STRAIN RATE ON STRENGTH AND TYPE 
OF FAILURE OF CARBON-MOLYBDENUM STEEL 
AT 850, 1000 AND 1100 DEGREES FAHR. 


By R. F. Micier, G. V. SmirH anp G. L. Keune 


Abstract 


Elevated temperature tensile tests were carried out 
on pearlitic and spheroidized carbon-molybdenum steel at 
a series of uniform strain rates. As the strain rate was de- 
creased, the tensile strength decreased, the elongation 
first increased and then decreased, and the mode of frac- 
ture changed from transgranular to intergranular. It was 
concluded that intergranular failure is normal in metals 
strained slowly at elevated temperature, and that it does 
not necessarily indicate deterioration of the material, or 
lack of plasticity preceding fracture. 


INTRODUCTION 


HE trend toward higher working pressures and temperatures in 

various industrial processes has resulted in an increasing demand 
for knowledge of the behavior of metals under stress at elevated tem- 
perature. Certain properties such as tensile strength, yield strength, 
and creep strength are determinable and have been used for design 
purposes. Unfortunately, however, the engineer still lacks desired in- 
formation regarding the ductility of metals under service conditions 
involving creep; he wishes to know whether the stressed member will 
deform plastically before failing, and if so, to what extent, or 
whether failure will occur suddenly without any appreciable deforma- 
tion. 

On the basis of the results of stress-rupture tests, Bailey (1)? 
has said, in part, “Appreciable weakening of the steel may occur in 
time and evidence shows that probably all low alloy high creep 


1The figures appearing in parentheses pertain to the references appended to this paper. 


A paper presented before the Twenty-fourth Annual Convention of the 
Society held in Cleveland, October 12 to 16, 1942. Of the authors, R. F. 
Miller and G. V. Smith are associated with the Research Laboratory, U. S. 
Steel Corporation, Kearny, New Jersey, and G. L. Kehl is in the Department 


of Metallurgy, Columbia University, New York. Manuscript received June 
12, 1942. 


817 





818 TRANSACTIONS OF THE A. S. M. December 


resistant steels fail under creep conditions by intercrystalline crack- 
ing with comparatively low ductility . . . total creep should not exceed 
0.005 inch total strain for high creep resistant steels containing 
molybdenum.” 

Some years earlier, Rosenhain (2) discussed the same subject, 
and said, in part, “. . . intercrystalline rupture occurs in all metals 
when slowly stretched at relatively high temperature. Modern in- 
vestigation on the behavior of engineering materials at high temper- 
ature has shown that these conclusions apply in every case, provided 
either that the temperature is high enough or that the rate of 
elongation is sufficiently slow . . . this kind of behavior is sometimes 
interpreted as ‘intercrystalline cracking’ as if it resulted from an 
embrittlement? of the material. Nothing is further from the facts, 
since the material, if rapidly tested just before rupture, would show 
practically its original ductility.” 

It is interesting to note that while the two foregoing statements 
agree in certain respects, they disagree sharply on one point—Rosen- 
hain considers that intergranular failure is a normal behavior, Bailey 
that it is the result of deterioration of the material. It appears that 
Bailey’s opinion is more widely accepted, there being a general 
reluctance to believe that intergranular failure is the normal method 
of fracture of metals subjected to stress at elevated temperature for 
prolonged periods of time. The stigma attached to intergranular 
failure at elevated temperature no doubt originates from the fact 
that most tensile testing has been carried out at room temperature, 
where intergranular failure is abnormal and does indicate inferior 
material lacking in plasticity. 

Examination of the literature shows that the strength and duc- 
tility of metals at elevated temperature was studied as far back as 
1913. Rosenhain and Humfrey (5) made a thorough investigation 
of the effect of temperature and rate of straining on the tensile prop- 
erties of 0.10 per cent carbon steel in the austenitic temperature range, 
and in the region of the A, and A, temperatures. They showed that 
the tensile strength at elevated temperature decreased logarithmically 
with decrease of strain rate, and that either transgranular or inter- 


2Note by Miller, Smith and Kehl: Intercrystalline cracking occurring at elevated tem- 
perature under slow rate of straining should not be confused with “temper brittleness”, 
which is evidenced by loss of impact strength at room temperature. Temper brittleness 
results from heating certain plain carbon or chromium steels for prolonged periods of time 
at subcritical temperatures followed by slow ane it is reduced or eliminated by the 
addition of molybdenum. Specimens of carbon-molybdenum steel show little or no reduc- 


tion in impact strength after 3000-hour creep tests at 1000 or 1100 degrees Fahr. (3), (4). 
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eranular failure could be produced in the same material at the same 
temperature depending on whether the strain rate was fast or slow. 
They also discussed the influence of temperature and strain rate on 
the relative strength of the grains and grain boundaries, and arrived 
at an early concept of an “equi-cohesive” temperature, although 
this term did not appear until some years later in Jeffries’ 
work (6), (7). 

Jeffries (6), in 1919, reported a study of the effect of temper- 
ature, deformation, and grain size on the mechanical properties of 
metals; his conclusions are well worth quoting. “When ductile 
metals are broken ‘cold’—that is, below their recrystallization tem- 
peratures—fracture normally takes place through the grains and 
avoids the grain boundaries. At temperatures just under the 
melting point, metals are quite weak, and fracture is intergranular. 
There is a range of temperature above that of recrystallization in 
which either transcrystalline or intergranular* fracture may be pro- 
duced at will by varying the rate and duration of load. Slow 
loading and prolonged application of load favor intergranular fail- 
ure at low unit stress. Under these conditions, the grain boundaries 
are sources of weakness rather than of strength. Accordingly, 
at high temperature the relation between strength and grain size 
is reversed, and the larger grained specimens aré the harder. 
There must then be an intermediate temperature at which strength 
and hardness are little affected by grain size. This is the ‘equi- 
cohesive’ temperature . . . It will be noted that the equi-cohesive tem- 
peratures found for (these) metals correspond closely with their 
respective temperatures of recrystallization. This relation is a 
general one, having been found to hold for all metals investigated 
(iron, tungsten, silver, gold, platinum, zinc, copper, lead, and tin).” 

While Jeffries’ statements have been confirmed by numerous 
investigations, confusion still exists regarding the ductility of steels 
at elevated temperature. Considerable discussion has centered around 
carbon-molybdenum steel, which has been widely used for high 
temperature, high pressure applications. In general, this material 
has performed satisfactorily, and intergranular failures in service 
have been very rare. Various technical papers reporting the results 
of laboratory stress-rupture tests have shown, however, that under 





Note by Miller, Smith and Kehl: The words “crystalline” and “granular” have been 
used interchangeably. For the sake of clarity, however, and since the small crystals of 
iron are commonly called “grains’’, the word “‘granular’’ will be used henceforth. 
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certain conditions the material does fail integranularly. The reasons 
for the prevalence of intergranular fractures in laboratory tests 
and their relative absence in commercial failures are not clearly 
understood. Also, the ductility indications of the stress-rupture 
tests are often irregular and difficult to interpret. 

It is the purpose of the present investigation to eliminate 
some of the variables, to show the conditions of temperature, 
strain rate, and heat treatment which lead to transgranular or inter- 
granular failure of this material, and to show the amount of 
strength and plasticity accompanying each type of failure. This 
investigation was undertaken in co-operation with the General Elec- 
tric Company. 


MetTuop or TEsT 


In order to eliminate the variation of strain rate during the 
test, a machine was constructed which would extend a specimen to 
failure at any one of several uniform rates of straining, at any 
desired temperature. With this apparatus, Fig. 1, a specimen is 
held at constant temperature (+2 degrees Fahr.) and elongated 
at a uniform rate by means of a motor driven gear train. Inter- 
changeable gears permit the use of a variety of strain rates: 1.0, 
0.1, 0.01, and 0.001 in/in/hr. The stress is calculated from the 
extension of a weigh bar in series with the specimen, and the strain 
is calculated from the rate employed and the elapsed time. Observa- 
tions of the weigh-bar extensometer and of the elapsed time are 
recorded photographically with an automatically actuated motion 
picture camera. Tests are also made at the faster strain rate of 
7.5 in/in/hr with a hydraulic tensile testing machine equipped 
with a pacing mechanism permitting control of the rate of straining. 
The test specimens have a gage length of 2 inches and a diameter of 
0.357 inches (0.1 square inch). 

It should be pointed out that within the gage length of a speci- 
men the rate of straining is essentially constant only so long as the 
deformation of the specimen is uniform (uniform deformation 
of all cross-sections), even though the cross-head be moved at the 
nominal rate. When “necking” of the specimen occurs, deformation 
of the specimen is nonuniform, varying from zero at points removed 
from the locally reduced section to values exceeding the nominal rate 
within the “necked-down” section. For this reason, the calculated 
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FRONT VIEW SIDE VIEW 


Fig. 1—Apparatus for High Temperature Tensile Testing at 
Uniform Rates of Straining. 


A—Adjustable top anchorage. 

B—Universal joint fittings to insure alignment of specimen (D) 
and weigh bar (I) : 

C—Specitnen pull rods of chrome-nickel steel. 

D—Specimen. 

E—Electric furnace supported by cords (F). 

F—Furnace support cords. Lowering of furnace during test 
through cords by downward movement of torque arm (J). 

G—Electric time clock. 

H—Olsen extensometer attached to weigh bar (I). 

I—Calibrated weigh bar of chrome-nickel-molybdenum steel. 
Austempered to obtain a yield strength of 150,000 p.s.i. 

J—Torque arm. To prevent weigh bar and specimen from turn- 
ing when lead screw (P) is drawn downward by revolving 
worm wheel. 

K—Torque arm pressure plates to provide a bearing surface for 
ends of torque arm. 

N—Internally threaded worm wheel actuated by worm. 

O-—-Worm which actuates worm wheel. 

P—Lead screw. 

Q—Sprocket chain. 

R—Speed reducer. Ratio 100 to 1. 

U—Single exposure motion picture camera. By suitable auxiliary 
equipment camera will take a picture .of extensometer dial 
(H) and time clock (G) at predetermined time intervals. 

V—Combination electric motor (1725 R.P.M.) and speed reducer 
(57.5 R.P.M.). Ratio 30 to 1. 

W—Camera spot light. One mounted on either side of camera. 


elongation to fracture does not exactly agree with the measured 
elongation in those instances where local necking occurs. However. 
the difference between calculated and observed extension, which 
amounts to only about 5 per cent, does not alter the general trend of 
the results. 
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The reproducibility of the controlled strain-rate tensile tests is 
quite satisfactory, numerous check tests showing a variation of 
about 4 per cent in the values. 


MATERIAL 


The chemical composition of the open-hearth carbon-molybdenum 
steels used in this investigation is as follows: 


Steel C Mn P S Si Mo 
A 0.15 0.46 0.006 0.023 0.14 0.56 
B 0.15 0.66 0.014 0.026 0.23 0.54 


These steels were both manufactured by “fine-grain” practice; the 
final deoxidation in the ladle was with silicon and about 2 pounds of 
aluminum per ton of steel. Steel “A” was used in the 1100 de- 
grees Fahr. (595 degrees Cent.) tests. Steel “B” was used at 850 
and 1000 degrees Fahr. (455 and 540 degrees Cent.).* 


HEAT TREATMENT 


Certain structural changes (spheroidization of the carbides in 
the pearlite and precipitation of a complex iron-carbon-molybdenum 
compound) may occur when pearlitic carbon-molybdenum steel is held 
for a prolonged period at temperatures such as 1000, 1100 degrees 
Fahr. (540, 595 degrees Cent.) or higher (up to the A, temperature) 
(3), (4), (8). These structural changes are dependent on the 
initial condition of the material, the temperature, the time, and the 
amount of deformation. In effect, they mean a change in the mate- 
rial under test, so that short-time and long-time tests on a given 
series cannot be considered as having been made on the same mate- 
rial. Therefore, in addition to testing the material in the pearlitic 
condition (heat treatment “a” or “aa”’), tests at 1100 and 1000 
degrees Fahr. (595 and 540 degrees Cent.) were performed on mate- 
rial which had been stabilized (heat treatment “b’) to remove the 
variable of structural change, which may becloud the effect of the 
chosen variables, temperature and strain rate. The heat treatments 
were as follows: 


‘Steel B was onged by the ASTM-ASME Joint Research Committee on Effect of 
Temperature on the Properties of Metals, Project 25 on Comparison_of Short Time and 
Long Time Test Methods. The results of the 850 and 1000 degrees Fahr. tests are being 
contributed to the Joint Research Committee for correlation with other tests on this material. 
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Steel Heat Treatment Type of Structure 
A a) oe _ * soo a =a ferrite and pearlite 
B aa) 1650° F., 1% hr., air cool 

1200° 2 hr., air cool 


ferrite and pearlite 


A,B b) 1650° F., % hr., air cool 


ferrite, spheroidized 
1300° F., 90 hr., air cool 


achine Straighten 
carbide, complex precipitate 


F 
M 

1200° z* 2 hr., air cool 
F 


Heat treatments ‘“‘a’” and “aa” produced a microstructure con- 
sisting of pearlite and ferrite, Fig. 4a, similar to that encountered 
in commercial material, while heat treatment “b” produced a micro- 
structure consisting of spheroidized carbide and a precipitate of a 
complex iron-carbon-molybdenum compound in the ferrite matrix, 
Fig. 9a; this latter structure showed no visible change on a subse- 
quent reheating under no stress for 3000 hours at 1100 degrees [ahr. 
(595 degrees Cent.). 


Results of Controlled Strain Rate Tensile Tests 


In order to facilitate description of the effect of temperature 
and strain rate on the tensile properties of carbon-molybdenum steel, 
the results of the tests have been divided primarily on the basis of 
heat treatment, secondarily on the basis of tensile strength and duc- 
tility. 


Pearlitic Carbon-M olybdenum Steel—Heat Treatment “a” or “aa” 


The results of the controlled strain rate tensile tests on pearlitic 
carbon-molybdenum steel at 1100, 1000, and 850 degrees. Fahr. (595, 
540, and 455 degrees Cent.) are listed in Table IA. The stress-strain 
curves are reproduced in Fig. 2. Photographs of the fractured speci- 
mens and of the microstructure are shown in Figs. 3, 4 and 5. The 
tensile strength and the elongation and reduction of area values have 
been plotted against the logarithms of the strain rate in Figs. 6 and 7. 
Standard practice has been followed in plotting the individual tensile 
property agdinst the strain rate employed. The origin is taken as 
zero for the linear stress ordinate; for the logarithmic strain-rate 
abscissa, the origin has been taken as one of the standard strain or 
creep rates, 0.000001 in/in/hr (1 per cent per 10,000 hours). The 
curves are discussed from the standpoint of decreasing strain rate, 
since this represents increasing time for failure. 

Tensile Strength—For any given strain rate, the tensile strength 
is higher the lower the testing temperature (Fig. 6), and decreases 
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Stress, 000 Psi. 
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7 
Scheroidized C. Mo Stee! now 
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60 80 
Elongation, Per Cent 


Pearlitic C-Mo Steel: 
850 F 


60 


20 40 
Elongation, Per Cent 


Fig. 2—Stress-Strain Curves for Controlled Strain Rate Tensile 
Tests of Pearlitic and Spheroidized Carbon-Molybdenum Steel at 850, 
1000 and 1100 Degrees Fahr. 


with decrease of strain rate. The decrease of strength appears to be 
greater the higher the temperature—at 1100 degrees Fahr. (595 
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Table I 
A. Controlled Strain Rate Tensile Tests on Pearlitic Carbon-Molybdenum Steel 


; Tensile Elonga- Reduction 
Temp. Strain Rate Strength tion of Area Duration Hardness* Type of 
°F, in/in/hr P.S.I. Per Cent Per Cent of Test VPN Fracture 
1100 7.5 38,100 37.5 86.0 .5 min, 194 
1100 34,000 56.5 80.5 in. 187 
1100 28,100 51.0 62.5 : ; 176 
1100 22,500 35.0 42.5 ‘i 152 intergranular 
1100 14,300 40.0 55.0 ‘ 115 intergranular 
1000 45,600 37.0 84.5 in. 215 transgranular 
1000 42,500 37.5 79.0 in. 215 transgranula: 
1000 40,900 42.0 67.5 . ‘ 215 intermediate 
1000 39,000 31.5 40.0 . , 201 intergranular 
1000 33,000 19.5 18.0 ‘ 160 intergranular 
850 56,000 34.0 78.0 in. 222 transgranular 
53,200 31.5 78.0 in. 234 transgranular 
55,000 33.5 77.5 ; . 232 transgranula1 
53,000 41.0 77.0 3 243 transgranular 
850 51,000 40.0 66.0 : 244 transgranula: 


B. Controlled Strain Rate Tensile Tests on Spheroidized Carbon-Molybdenum Steel 


1100 7.5 27,000 86.0 6 min. 166 transgranular 
1100 1. 24,200 ; 86.5 48 min. 158 transgranular 
1100 19,200 » 87.0 9 hr. 150 transgranular 
1100 12,300 F 79.5 98 hr. 113 intermediate 
1100 10,000 : 65.0 600 hr. 110 intergranular 
1000 39,300 : 79.5 3.5 min. 196 transgranular 
1000 38,400 ‘ 80.0 31.5 min. 192 transgranular 
1000 34,400 . 83.0 7 hr. 188 transgranular 
1000 30,600 f 79.5 86 hr. 170 i i 
1000 22,500 ‘ 62.0 780 hr. 130 intergranular 


*Hardness values are averaged for region » to #; inch from fracture. 
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degrees Cent.), the tensile strength decreases from 38,100 to 14,300 
pounds per square inch (62.5 per cent) while at 850 degrees Fahr. 
(455 degrees Cent.), the decrease is only from 56,000 to 51,000 
pounds per square inch (9.8 per cent). An interesting reversal of 
this trend, confirmed by check tests, occurs at 850 degrees Fahr. 
(455 degrees Cent.) ; the strain rate of 0.1 in/in/hr results in a 
tensile strength somewhat higher than that obtained by the faster 
rate of 1.0 in/in/hr (55,000 as compared to 53,000 pounds per square 
inch). A suggestion of this strengthening effect is to be noted in 
the curve for the 1000 degrees Fahr. (540 degrees Cent.) tests. This 
behavior may be attributed to structural change, presumably of the 
aging type. 

Ductility—At strain rates of 0.1 in/in/hr or faster, the elonga- 
tion (Fig. 7) is greater the higher the testing temperature, while at 
slower strain rates reversals occur in this trend. The same trend is 
noted in the reduction of area values, but the reversal occurs at a 
rate between 1.0 and 0.1 in/in/hr. 

At 1100 degrees Fahr. (595 degrees Cent.), the elongation in- 
creases with decrease of strain rate from 7.5 to 1.0 in/in/hr. This 
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may be because the slower the strain rate, the longer the time at test 
temperature, and hence the greater the amount of strain relief relative 
to the amount of strain hardening. Associated with this behavior is 
the observation that in the specimens pulled at the slower rates, the 
reduction of area is smaller and the elongation more uniformly dis- 
tributed over the gage length (Fig. 3). Examination of the photo- 
micrographs in Fig. 4 shows that at the faster strain rates, 7.5 and 
1.0 in/in/hr, the grains are rather severely elongated in the direc- 
tion of the applied load, and fracture is transgranular. As the strain 
rate is decreased to 0.1 in/in/hr, the elongation begins to decrease, 
intergranular cracking appears, and distortion of the grains becomes 
less pronounced. Still further decrease of strain rate (to 0.001 in/in/ 
hr)-is accompanied by continued decrease in the elongation, prevalent 
intergranular cracking, and equi-axed grains. However, at the slowest 
strain rate, a slight increase in the elongation occurs; this appears to 
be due to an increase in the ductility of the material caused by sphe- 
roidization of the pearlite occurring during the sojourn of 393 hours 
at 1100 degrees Fahr. (595 degrees Cent.). 

The amount of distortion of the grains is reflected in the hard- 
ness values taken near the fracture (Fig. 4). The original hardness 
of the material is 115 VPN. The maximum hardness (194 VPN) is 
found in the material strained at the fastest rate, and as the rate of 
straining is decreased the hardness decreases until at the slowest rate 
(0.001 in/in/hr) the hardness is the same as that of the original mate- 
rial (115 VPN). 

The increase in reduction of area occurring at the strain rate of 
0.001 in/in/hr is misleading, since examination of the specimen (Fig. 
3) showed that extensive scaling (;, inch width) had occurred.° 
Fracture was intergranular, and there was no local reduction of area. 
It is evident from Fig. 3 that the amount of reduction of area, as nor- 
mally determined (relative to the original area), cannot be used as 
an index of the fracture type (intergranular or transgranular), but 
that the degree of local reduction of area at the “necked” portion 
might be used as such an index. For instance, the calculated reduc- 
tion of area of the pearlitic specimen extended at a strain rate of 
0.01 in/in/hr at 1100 degrees Fahr. (595 degrees Cent.) is 42.5 per 
cent, based on the original area, but if the calculation be based on 
the area of the specimen about one-half inch back from the fracture, 
the reduction of area is only about 15 per cent. 


*Oxidation introduces only an insignificant error at the relatively fast strain rates but 
becomes of importance and decreases the apparent strength of the material as the st~ain 
rate is decreased (as the duration of the test becomes longer). 
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Fig. 3—Specimens of Pearlitic Carbon- Molybdenum Steel After 
Fracture at Various Strain Rates at 1000 and 1100 Degrees Fahr.  X 1. 


At 1000 degrees Fahr. (540 degrees Cent.), the amount of elon- 
gation for any given strain rate is less than at 1100 degrees Fahr. 
(595 degrees Cent.) (Fig. 7), and there is less increase of elonga- 
tion with decrease of strain rate. As at 1100 degrees Fahr. (595 
degrees Cent.), fracture is transgranular for the two fastest rates 
(7.5 and 1.0 in/in/hr), and the first traces of intergranular cracking 
appear in the specimen tested at 0.1 in/in/hr (Fig. 5). At rates 
slower than 0.1 in/in/hr, the elongation decreases markedly with 
decrease of strain rate, presumably due to increase of intergranular 
cracking. The reduction of area decreases continuously with de- 
crease of strain rate. 


At 850 degrees Fahr. (455 degrees Cent.), there is little change 
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Fig. 4—Longitudinal Section Through Fracture of Controlled Strain Rate 
Tensile Specimens of Pearlitic Carbon-Molybdenum Steel at 1100 Degrees Fahr. 
< 250. 


a. original microstructure 115 VPN 
b. 7.5 Inches per Inch per Hour 194 VPN 
ce. 1.0 Inch per Inch per Hour 187 VPN 
d.0.1 Inch per Inch per Hour 176 VPN 
e. 0.01 Inch per Inch per Hour 152 VPN 
f. 0.001 Inch per Inch per Hour 115 VPN 
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Fig. 5—Longitudinal Section Through Fracture of Controlled Strain Rate 
Tensile Specimens of Pearlitic Carbon-Molybdenum Steel at 1000 Degrees Fahr. 


xX 250. 
a. original microstructure 133 VPN 
b. 7.5 Inches per Inch per Hour 215 VPN 
c. 1.0 Inch per Inch per Hour 215 VPN 
d.0.1 Inch per Inch per Hour 215 VPN 
e. 0.01 Inch per Inch per Hour 201 VPN 
f. 0.001 Inch per Inch per Hour 160 VPN 
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in the amount of elongation or reduction of area with decrease of 
strain rate (Fig. 7). At the rates of 0.01 and 0.001 in/in/hr, the 
elongation increases slightly; at the slowest rate the reduction of 
area is somewhat less than at the higher rates. Continuous strain 
hardening, elongated grains, and transgranular fracture are found 
at all strain rates, and the type of fracture is similar to that shown 
in Fig. 5b or Se. 

Summarizing, it appears that the elongation increases with de- 
creasing strain rate as long as the fracture is transgranular, but the 
increase is less the lower the temperature; the elongation begins to 
decrease when intergranular cracking appears. 


Spheroidized Carbon-Molybdenum Steel—Heat Treatment “b” 


Controlled strain rate tensile tests were carried out on sphe- 
roidized carbon-molybdenum steel at 1100 and 1000 degrees Fahr. 
(595 and 540 degrees Cent.) ; the data are listed in Table IB. The 
stress-strain curves are reproduced in Fig. 2. The fractured speci- 
mens and photomicrographs of the structure before and after test are 
shown in Figs. 8, 9 and 10. 

The data have been plotted in Figs. 6 (tensile strength) and 7 
(elongation and reduction of area) as dependent upon the strain rate. 

Tensile Strength—The tensile strength is greater the lower the 
testing temperature and decreases with decrease of strain rate (Fig. 
6). The trend is similar to that encountered in the tests on the 
pearlitic material. At the same strain rate, the tensile strength of the 
spheroidized material is some 5000 to 10,000 pounds per square inch 
less than for pearlitic material. 

Ductility—Both at 1100 and 1000 degrees Fahr. (595 and 540 
degrees Cent.), the amount of elongation increases with decrease of 
strain rate down to 0.01 in/in/hr (Fig. 7). This trend is more 
pronounced than that encountered in the pearlitic material. From . 
the appearance of the fractured specimens (Figs. 8, 9 and 10), the 
reason for this increase appears to be the same as that suggested 
above :—the lower the strain rate, the longer the time at test tem- 
perature, and the less the amount of strain hardening relative to the 
relief of strain—hence the lower the strength and the greater the 
extension of the specimen. The first traces of intergranular crack- 
ing are found inthe specimen extended at 0.01 in/in/hr. The elonga- 
tion decreases sharply at 0.001 in/in/hr, presumably due to marked 
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intergranular cracking. The elongation is greater at 1100 than at 
1000 degrees Fahr. (595-540 degrees Cent.) except at 0.001 in/in/hr. 

The reduction of area is slightly greater at 1100 than at 1000 
degrees Fahr. (595-540 degrees Cent.) and remains approximately 
constant with decrease of strain rate until intergranular cracking ap- 





Tensile Strength, 1000 Psi. 


3 Jransgranular Fracture 
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Fig. 6—Influence of Strain Rate on 
Tensile Strength of Pearlitic (————— 
and Spheroidized (— — — — — ) Carbon- 
Molybdenum Steel at 850, 1000, and 1100 
Degrees Fahr.; Controlled Strain Rate 
Tests. 





Table Il 
Stress-Rupture Tests on Carbon-Molybdenum Steel at 1100 Degrees Fahr. 


Elonga- Reduc. 
Applied tion of Area Average 


Heat Stress Per Per Duration Strain Rate Type of 
Treatment P34 Cent Cent of Test in/in/br Fracture 
(a) pearlitic 30,000 24 33 24 hrs. 0.01 intergranular 

ee 25,000 16 24 83 hrs. 0.0019 intergranular 

22,500 22 30 112 hrs. 0.0019 intergranular 

nf 20,000 18 22.5 173 hrs. 0.0010 intergranular 

” 17,500 26 39 308 hrs. 0.00085 intergranular 

. 15,000 22 31 502 hrs. 0.00044 intergranular 

(b) spheroidized 15,000 70 81.5 61 hrs. 0.011 transgranular 
i 12,500 70 80 189 hrs. 0.0037 intermediate 
= 10,000 55 75 597 hrs. 0.00092 intermediate 

e 8,000 55 75 1360 hrs. 0.00040 _intergranular 

_ 7,000 50 7 1882 hrs. 0.00027 intergranular 


6,000 50 72 2009 hrs. 0.00025 intergranular 


me ee eee ee 
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Fig. 7—Influence of Strain Rate on Elonga- 
tion and Reduction of Area of Pearlitic ( 
and Spheroidized (— — — — — ) Carbon-Molyb- 
denum Steel at 850, 1000, and 1100 Degrees 
Fahr.; Controlled Strain Rate Tests. 





pears, whereupon it decreases continuously. The amounts of elonga- 
tion and reduction of area are markedly greater for the spheroidized 
than for the pearlitic material. 


StrEsS-RUPTURE TESTS ON PEARLITIC AND SPHEROIDIZED 
CARBON-MOLYBDENUM STEEL AT 1100 Decrees FARR. 


Stress-rupture tests were run at 1100 degrees Fair.\ (595 de- 
grees Cent.) on steel “A” in both the pearlitic and the spheroidized 
conditions (heat treatments “a” and “b’”), at the Research Labora- 
tory of the General Electric Company in Schenectady, New York. 
A description of the stress-rupture apparatus may be found in the 
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Fig. 8—Specimens of Spheroidized Carbon-Molybdenum Steel After 
Fracture at Various Strain Rates at 1000 and 1100 Degrees Fahr. X 1. 


literature (9). The results of the stress-rupture tests are listed in 
Table II and are plotted against the strain rate in Figs. 11 and 12. 
An average strain rate, the quotient of the elongation and the test 
time, has been used. For comparative purposes, the results of the 
controlled strain rate tensile tests on the same materials at the same 
temperatures have been plotted on the same charts. 

Strength—The stress-rupture tests show that the lower the ap- 
plied stress, the lower the resulting average strain rate (Fig. 11). 
This is analogous to the results of the controlled strain rate tensile 
tests, which indicate that the tensile strength decreases with decrease 
of strain rate. 

Ductility—Similar trends in the effect of strain rate on the 
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Fig. 9—Longitudinal Section Through Fracture of Controlled Strain Rate 
Tensile Specimens of Spheroidized Carbon-Molybdenum Steel at 1100 Degrees 


Fahr. X 250. 
a. original microstructure 106 VPN 
b. 7.5. Inches per Inch per Hour 166 VPN 
ce. 1.0 Inch per Inch per Hour 158 VPN 
d.0.1 Inch per Inch per Hour 150 VPN 
e. 0.01 Inch per Inch per Hour 113 VPN 
f. 0.001 Inch per Inch per Hour 110 VPN 
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Fig. 10—L ongitudinal Section Through Fracture of Controlled Strain Rate 
— — of Spheroidized Carbon-Molybdenum Steel at 1000 Degrees 
ahr 
a. original microstructure 
b. 7. Inches per Inch per Hour 
Inch per Inch per Hour 
Inch per Inch per. Hour 
Inch per Inch per Hour 
Inch per Inch per Hour 
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elongation and reduction of area are shown by both types of tests 
(Fig. 12), but the data from the controlled strain rate tests are some- 
what more regular and easier to interpret. The elongation and reduc- 
tion of area decrease with decrease of strain rate when the fracture 
is intergranular, except in the pearlitic material where an increase is 
noted at a rate of about 0.001 in/in/hr, presumably due to sphe- 
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Fig. 11—Comparison of Stress-Rupture and Controlled Strain Rate 
Tensile Tests on Pearlitic ( ) and Spheroidized (— — — — — ) 
Carbon-Molybdenum Steel at 1100 Degrees Fahr.; Relation of Strain 
Rate to Applied Stress (Stress-Rupture Tests) and Tensile Strength 
(Controlled Strain Rate Tests). 





roidization of the pearlite. The initial increase in elongation with 
decrease of strain rate is not found in the stress-rupture tests, but 
the trend of the curves suggests that this behavior might have been 
encountered had the stress-rupture tests been run at the faster strain 
rates. For the same material at the same temperature, the stress- 
rupture test shows higher strength and lower ductility than does the 
controlled strain rate test, and there are indications that intergranular 
fracture will be found earlier (at faster strain rates) by the stress- 
rupture than by the controlled strain rate method. 

In order to extend the stress-rupture curves to lower strain rates, 
four additional points, obtained from the literature, have been plotted 
on Fig. 11. Two of them appear on Fig. 12. Point “T’’ was taken 
from a series of stress-rupture tests on carbon-molybdenum steel by 
Thielemann (10) and point “C’ from work of Clark and Freeman 
(11). Point “A” (Fig. 11) is the extrapolated stress for rupture in 
10,000 hours (11), and “B” is the stress experimentally determined 
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for a creep rate of 0.000001 in/in/hr (1 per cent per 10,000 hours) 
(4). 

At 1100 degrees Fahr. (595 degrees Cent.), the strength of the 
pearlitic material (Fig. 11) approaches the strength of the sphe- 
roidized material as the strain rate is decreased (the time of test in- 
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Fig. 12—Comparison of piehee- eet and Con- 
trolled Strain Rate Tensile Tests on Pearlitic ( ) 
and Spheroidized ( ) Carbon-Molybdenum 
Steel at 1100 Degrees Fahr.; Relation of Strain Rate 
to Elongation and Reduction of Area. 


creased ), since at this temperature the pearlitic structure spheroidizes 


during the test and approaches the structure of the spheroidized 
material. 


MECHANISM OF INTERGRANULAR FAILURE 


An attempt was made to obtain a clearer insight into the struc- 
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tural changes which occur during the deformation in a controlled 
strain rate tensile test, particularly in regard to the mechanism of 
intergranular failure. Tests were made at 1100 degrees Fahr. (595 
degrees Cent.) on steel “A” with heat treatment “a” at a strain rate 
(0.01 in/in/hr) which was known to produce intergranular failure 
in this material at this temperature. Specimens were extended for 
various fractional times of that required for failure, the tests stopped, 
and the specimens sectioned for metallographic examination. 

The results of the tests are shown in Fig. 13. The intergranular 
mode of fracture is apparent from the photomicrographs. The mech- 
anism appears to be as follows: when the ultimate strength of the 
material is attained, minute intergranular cracks put in their appear- 
ance at the surface of the specimen (Fig. 13a). The cracks grow as 
deformation proceeds, Fig. 13 (b, c, d), and intergranular cracking 
begins to occur in the interior of the specimen, the cracks exposed 
to the surfaces of the specimen become oxidized, and failure finally 
takes place by intergranular cracking of the remaining cross-section, 
Fig. 13 (e and f). The cracks at the surface exert a stress-concen- 
trating effect which may promote early failure, particularly if the 
material is notch-sensitive. The probability that intergranular crack- 
ing precedes intergranular oxidation is indicated by the observation 
that, at the surface of the specimen, the grain boundaries which have 
not cracked open do not show intergranular oxidation. Also, the 
many intergranular cracks in the interior of the specimen show no 
oxidation. The conclusion that intergranular cracking in stressed 
carbon-molybdenum steel is not caused by intergranular oxidation, 
but precedes it, was offered by Thielemann and Parker (9) and Jen- 
kins and Mellor (12), (13). 

The mechanism of transgranular failure was not investigated, 
since it is probably the same as that which occurs in specimens tested 
at room temperature. It is known (14) that in such tests a crack, 
perpendicular to the direction of the applied stress, forms at the 
center of the specimen after “necking” has begun, and gradually 
spreads as necking proceeds. Final transgranular fracture occurs by 
shearing at an angle, producing the familiar “cup and cone” type of 
fracture. 

A “two-rate” test (Fig. 14) was carried out to determine 
whether the intergranular cracking which occurs on reaching the 
maximum load at slow rates of straining necessarily results in an 
intergranular failure, even though the strain rate hecomes appre- 
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Fig. 13—Mechanism of Intergranular Failure in Pearlitic Carbon-Molybde- 
num Steel Strained at 0.01 Inch per Inch per Hour at 1100 Degrees Fahr. 
to Axis of Specimen; 


Micrographs Taken on Longitudinal Sections Parallel 
(a) to (e) Show Migration of Cracks Inward from Surface of Specimen. (f) 
Shows the Fracture Surface at Right Angles to the Longitudinal Surfaces Shown 


in the Other Photomicrographs. Tests Stopped and Successive Specimens Ex- 


amined After 
(a) 12.0 Per Cent Extension in 14.5 Hours (d) 27.5 Per Cent Extension in 30.5 Hours 
(b) 17.0 Per Cent Extension in 19.5 Hours (e) 30.0 Per Cent Extension in 37.0 Hours 
(c) 22.5 Per Cent Extension in 25.0 Hours (f) 30.0 Per Cent Extension in 37.0 Hours 
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ciably greater. A specimen of steel “A” with heat treatment “a” 
was deformed to the maximum load at a rate (0.01 in/in/hr) which 
if continued to fracture would have resulted in an intergranular 
failure. The strain rate was then increased to 1.0 in/in/hr, which 
had previously been found to yield transgranular fracture. The re- 
sults of the test are recorded in Table III, together with data on 
single rate tests from Table IA. In spite of the intergranular cracks 


wr a 


na PS 










Fig. 14—Effect of Change of Strain Rate on Tensile Properties of Car- 
bon-Molybdenum Steel at 1100 Degrees Fahr. 


produced during the first stage in the deformation, “necking’’ oc- 
curred and fracture was transgranular. 


A “two-rate” test was also made in the reverse fashion (Table 


III and Fig. 14). A specimen was pulled to the maximum load at a 
rate, 1.0 in/in/hr, which would result in transgranular failure, and 


Table Ill 
Two-Rate Tests on Pearlitic Carbon-Molybdenum Steel at 1100 Degrees Fahr. 





Reduction 


Strain Rate Elongation of Area Type of 
Type of Test in/in/hr Per Cent Per Cent Fracture 
Two Rate - 0.01—1.0 41 75 transgranular 
Two Rate 1.0 -0.01 43 43 intergranular 
Single Rate (from Table IA) 1.0 56.5 80.5 transgranular 
Single Rate (from Table IA) 0.01 35 42.5 intergranular 
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then the strain rate was changed to 0.01 in/in/hr, which would 
normally produce intergranular failure. Failure was intergranular, 
indicating again that the last rate determines the type of break. 


DISCUSSION 


The results of the experimental studies reported here have con- 
firmed Rosenhain’s early conclusions, namely (a) that the rate of 
deformation is an important variable that must be considered for the 
proper evaluation of the strength of metals at elevated temperatures, 
and (b) that intergranular fracture is the normal mode of failure 
of metals deformed slowly at elevated temperature. 

It now appears that the connotation of “brittleness” which has 
been attached to intergranular failure is not appropriate, for it has 
been demonstrated that intergranular failure may be preceded by 
very appreciable amounts of deformation. (The amount of elonga- 
tion observed for spheroidized carbon-molybdenum steel at a strain 
rate of 0.001 in/in/hr was 59 per cent and 78 per cent at 1100 and 
1000 degrees Fahr. (595 and 540 degrees Cent.) respectively.) The 
term “brittleness”, it is bélieved, should be reserved to describe a 
behavior in which failure occurs (usually intergranularly) without 
appreciable plastic deformation. 

Moreover, it has been shown both in the present work (by the 
two-rate tests) and by earlier investigations (3), (4) (room tem- 
perature tests of creep specimens) that sojourn of the specimens un- 
der conditions which might eventually result in intergranular failure 
does not necessarily result in deterioration of the material, or pre- 
clude transgranular failure when the conditions are changed. It is 
probable that herein lies the reason for the dearth (15) of inter- 
granular service failures; failure generally results from overheating 
or overstressing caused by diminution of cross-section due to corro- 
sion, leading to relatively rapid strain rates and thus to transgranular 
failure. It should be pointed out that while much of the discussion 
of intergranular versus transgranular failure has centered upon car- 
bon-molybdenum steel, intergranular failure has been observed in 
many materials, among which are plain carbon, chromium-molybde- 
num and austenitic chromium-nickel steels (10). 

Tests on the carbon-molybdenum steel in the two conditions of 
heat treatment show that the heat treatment which produces the 
greatest strength also imparts to the material the least potential duc- 
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tility before failure, confirming the results of an earlier investigation 
(10); this seems to be true whether fracture be transgranular or 
intergranular. Spheroidization of the carbon-molybdenum steel re- 
sults in a marked increase in ductility as measured by the elongation 
and reduction of area values, accompanied by a decrease in tensile 
strength. 

At elevated temperature, the nature of the plastic deformation 
of the metal varies with the strain rate; fast strain rates result in 
elongated grains and transgranular fracture, while slow strain rates 
result in continuous recrystallization, equi-axed grains, and inter- 
granular fracture. In a creep or stress-rupture test® the strain (or 
creep) rate is not constant from beginning to end of the test; at the 
start, the strain rate is rapid but decreases to a value which remains 
sensibly constant for a period of time, and finally it increases. The 
lower the load, the longer the duration of the period of constant creep 
rate, and the later the appearance of an increased rate. The basic 
assumption in using creep data for design purposes is that the creep 
rate produced by the selected stress will remain sensibly constant for 
the life of the part. The general behavior of a specimen during a 
slow stress-rupture test is similar to that of a specimen extended at 
about the same rate in a controlled strain rate test; the indicated 
strength is about the same, the elongation and reduction of area 
show about the same trend with change of strain rate, and the type 
of deformation which occurs toward the end of a slow stress-rupture 
test is still not large enough to change the type of fracture from 
intergranular to the transgranular type characteristic of a fast rate 
of strain. The stress-rupture and the controlled strain rate tests both 
indicate that at 1000 and 1100 degrees Fahr. (540 and 595 degrees 
Cent.), under a slow rate of straining such as that encountered in a 
creep test (0.000001 in/in/hr), fracture in carbon-molybdenum steel 
will be intergranular. 

The amount of elongation which may be expected to precede 
intergranular failure is a question of paramount interest to the user 
of this material. A definite answer to this question is difficult to 
obtain, for at a creep rate of 1 per cent per 100,000 hours, 25 to 35 
years would be required to produce 2 or 3 per cent extension, and 
even then fracture might not occur. It has been shown that material 
heat treated to produce maximum creep strength has the least poten- 


°The stress-rupture test is in no way different from the creep test, except that it is 
usually run under higher stress and continued to failure. 
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tial ductility before failure, intergranular cracking having been found 
in such material at less than 8 per cent extension; however, more 
extension may be expected to precede intergranular failure if the 
material has been tempered or slightly spheroidized before service. 
Metallographic examination of specimens of carbon-molybdenum 
steel which had been tested at a creep rate such as 1 millionth 
in/in/hr for a period in excess of 3000 hours at 850, 950, 1000 and 
1100 degrees Fahr. (455, 510, 540 and 545 degrees Cent.) showed 
no sign of intergranular cracking, even after 3 or 4 per cent exten- 
sion (one test at 1100 degrees Fahr. (595 degrees Cent.) having run 
15,000 hours). The amount of extension to be expected in properly 
treated material before intergranular failure at such slow strain rates 
therefore lies somewhere between the 3 or 4 per cent minimum indi- 
cated by the creep tests and the 15 or 20 per cent maximum indicated 
by the stress-rupture and controlled strain rate tests (Figs. 7 and 12). 


SUM MARY 


Series of controlled strain-rate tests were made on pearlitic 
carbon-molybdenum steel at 850, 1000 and 1100 degrees Fahr. (455, 
540 and 595 degrees Cent.) ; also at 1000 and 1100 degrees Fahr. 
(540 and 595 degrees Cent.) on the same steel which had previously 
been spheroidized so that it was structurally stable at 1100 degrees 
Fahr. (595 degrees Cent.). Stress-rupture tests were made on both 
pearlitic and spheroidized material at 1100 degrees Fahr. (595 de- 
grees Cent.). The reason for testing in both conditions is that at 
temperatures above about 1000 degrees Fahr. (540 degrees Cent.), 
a pearlitic structure tends to spheroidize during the test; therefore 
short-time and long-time tests on material which is not already struc- 
turally stable under the conditions of test cannot be regarded as re- 
ferring to the identical material. In both these conditions the tensile 
strength decreased with decrease of strain rate (increasing time to 
failure), and the decrease of strength was more rapid the higher the 
temperature. For the same strain rate, the tensile strength was lower 
the higher the temperature. With decreasing strain rate, the elonga- 
tion increased to a maximum and then decreased; the decrease of 
elongation coincided with the appearance of intergranular failure. 
The reduction of area decreased continuously with decreasing strain 
rate. 


At slow rates of straining, intergranular failure occurred in both 
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the pearlitic and the spheroidized material at 1000 and 1100 degrees 
Fahr. (540 and 595 degrees Cent.) ; at 850 degrees Fahr. (455 de- 
grees Cent.) the fracture of the pearlitic material was always trans- 
granular. The elongation and reduction of area preceding fracture 
were appreciably greater for the spheroidized than the pearlitic con- 
dition. The transition from transgranular to intergranular failure 
occurred at a slower strain rate for the spheroidized than for the 
pearlitic; for instance, at 1000 degrees Fahr. (540 degrees Cent.) 
a strain rate of 0.1 in/in/hr which produced a transgranular failure 
in spheroidized carbon-molybdenum steel produced intergranular 
cracking, as shown by examination of the failed pearlitic specimen. 

Surface oxidation of carbon-molybdenum steel may accelerate 
failure by lessening the effective cross-section. Intergranular oxida- 
tion appears to be never more than about half a grain ahead of the 
surface oxidation, unless the strain rate and temperature are such as 
to produce intergranular cracking; under these conditions inter- 
granular oxidation may tend to accelerate failure. 

It is concluded that under slow rates of straining at elevated 
temperature the normal mode of failure of a metal is through the 
grain boundaries, and that intergranular failure does not necessarily 
indicate deterioration of the metal or lack of plasticity preceding 
fracture. It should be emphasized that even though considerable 
intergranular cracking may have occurred, the remaining sound metal 
may be no less ductile than it was originally, and may still withstand 
considerable bending or other rapid deformation. 
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DISCUSSION 


A. J. Smitx :* I would like to ask whether the remarks made by Dr. Mil- 
ler in his discussion could be extended to cover the Widmanstatten structures 
described by White and Crocker.» A somewhat higher creep strength is found 
with these structures which would be disregarded in suggested initial use of a 
slightly spheroidized lamellar pearlite. 


TResearch metallurgist, Lunkenheimer Co., Cincinnati, Ohio. 


SWhite and Crocker, Transactions, American Society of Mechanical Engineers, Vol. 63, 
1941, p. 749. 
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Dr. Miter: I agree with Dr. Smith that the creep strength of the Wid- 
manstatten structure may be slightly superior, but accompanying it there is 
likely to be decreased potential ductility before failure. For use at 950 or 1000 
degrees Fahr. (510 or 540 degrees Cent.) such material should be slightly tem- 
pered or spheroidized. 

Dr. SmitH: By use of a delayed quench you can produce a Widmanstatten 
structure of much finer grain. 

Dr. MILLER: We have found that the grain size is affected by the deoxida- 
tion practice. 

Dr. SmitH: Heat treatment is effective also; by using a delayed quench 
you can secure a Widmanstatten structure of fine grain with ductility nearly 
the same as in the normalized condition. 

A. A. Bates:® On the last page of the paper there is a short paragraph 
which I think deserves some little further elaboration. Let me read that: “Sur- 
face oxidation of carbon-molybdenum steel may accelerate failure by lessening 
the effective cross-section. Intergranular oxidation appears to be never more 
than about half a grain ahead of the surface oxidation.” 

Now if ycu examine some of the photomicrographs on pages previous to 
that, you will find oxidation extending in many, many grains. As failure pro- 
gresses, the test piece opens up and the surface, in effect, is extended inwardly 
and the oxide goes along with the new surface. In the quoted sentence, are you 
considering the surface as being— 

G. V. SmitH: External surface. 

Dr. Bates: Once you form a crack, you have a new surface? You are 
calling it “the surface” from then on? 

Dr. SmitH: Yes. : 

Dr. Mritter: Dr. Bates did not quote the entire sentence; the rest of it 
reads as follows, “. . . unless the strain rate and temperature are such as to 
produce intergranular cracking”. We agree with Dr. Bates’ observations insofar 
as they apply to micrographs of specimens which do show intergranular crack- 
ing. On the other hand, however, intergranular oxidation of specimens which 
do not show intergranular cracking, is not serious and is rarely more than half 
a grain ahead of the general oxidation of the entire surface. The appearance of 
such a material would be. similar to that in Fig. 13 (a). The point is that inter- 
granular oxidation is not the cause of intergranular cracking which, under the 
proper conditions of stress and temperature, may occur in the absence of oxi- 
dation. This was shown by the tests on Armco Iron in hydrogen, carried out 
by Thielemann and Parker at the General Electric Company (reference 9 of 
the present paper) and on carbon steel in vacuo carried out by Jenkins and 
co-workers at the National Physical Laboratory (ref: “Investigation of the 
Behaviour of Metals under Deformation at High Temperatures”, by C. H. M. 
Jenkins, G. A. Mellor, and E. A. Jenkinson, Journal of the Iron and Steel Insti- 
tute, 1942, Vol. 145, p. 51-86). 

M. A. Scuett:” Do the authors agree with the results of Bailey” that 


®Manager, chemical and metallurgical department, Westinghouse Electric & Manufac- 
turing Co., E. Pittsburgh. 


Director, metallurgical research. A. O. Smith Corp., Milwaukee. 


uR. W. Bailey, “Steels and Their Utilization for: High Steam Pressures”, Institute 
of Marine Engineers, 1938, Vol. L, Part 4, p. 93-111. 
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we are not to use a carbon-molybdenum steel at 1000 degrees Fahr. (540 de- 
crees Cent.) over a long period of time? 

Dr. MILLER: We do not recall that Bailey advised against the use of car- 
bon-molybdenum steel at 1000 degrees Fahr. (540 degrees Cent.). The manu- 
facturers of this material in this country advocate its use up to temperatures of 
1000 or 1050 degrees Fahr. (540 or 565 degrees Cent.); a large tonnage has 
been in successful use for a number of years at and above these temperatures 
in oil cracking still tubes and in other applications. It should be borne in mind, 
however, that pearlitic carbon-molybdenum steel at 1000 degrees Fahr. (540 
degrees Cent.) will spheroidize and may even graphitize, and that. design 
should not be based on the properties of a structure which will change in service. 

In general, high strength goes with low ductility, and vice versa. Thus, if 
ereater potential ductility is desired, some spheroidization of a normalized 
(pearlitic) structure is desirable; not only is the elongation before failure 
thereby increased, but the structure is stabilized. The equi-cohesive tempera- 
ture range of this material is below 1000 degrees Fahr. (540 degrees Cent.) 
and fracture under a slow rate of straining will be intergranular. As to the 
amount of elongation to be expected before failure, we point out in the paper 
that normalized and tempered carbon-molybdenum steel tested in creep at 
1000 degrees Fahr. (540 degrees Cent.) has shown as much as 3 or 4 per cent 
extension with no sign of failure. The maximum elongation indicated by the 
present work is about 15 per cent. To determine the exact amount of elonga- 
tion which would be attained if the material were strained to failure at a rate 
which might be encountered in service (such as 1 per cent per 10,000 hours), 
a test lasting 50 years might be required. 

We wish to emphasize that we do not disagree with the data, quoted by 
sailey, from the National Physical Laboratory. Indeed, we checked one of 
the most interesting points on our own material; a normalized carbon-molybde- 
num steel, tested at, 1020 degrees Fahr. (550 degrees Cent.) under 27,000 
pounds per square inch, failed intergranularly with very limited elongation in 
about 300 hours. The load was so high that there was no opportunity for the 
material to spheroidize at the test temperature. If the load had been lower 
and the test time longer, or if the material had been spheroidized before test- 
ing, the extension would have been greater before failure. 

Mr. Scurit: There appears to be a question among engineers when mate- 
rial is considered for operation at 1000 degrees Fahr. (540 degrees Cent.) and 
above for pressure equipment. Is there an advantage in using the half per cent 
molybdenum steel over carbon steel with greater thickness? I wish that you 
would give us your thoughts on this. 

Dr. Miter: Since at 1000 degrees Fahr. (540 degrees Cent.) carbon- 
molybdenum steel has more than twice the creep strength of carbon steel, it 
might be difficult to duplicate the design in carbon steel. Aside from the prac- 
tical question of weight, there is at least one other good reason for preferring 
carbon-molybdenum steel. At this temperature, spheroidization and graphitiza- 
tion of carbon steel is more rapid than in carbon-molybdenum steel, and its 
strength would thus decrease more rapidly. I should like to point out that 
1000 degrees Fahr. (540 degrees Cent.) is about the maximum temperature for 
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use of carbon-molybdenum steel, and above the maximum for carbon steel. The 
addition of a few per cent of chromium tends to stabilize the carbides, and 
would be good insurance in material to be used above 1000 degrees Fahr. 
(540 degrees Cent.). 

Referring again to the question of ductility and type of fracture, the stress 
rupture data of Clark and White” on carbon and carbon-molybdenum steel at 
1000 degrees Fahr. (540 degrees Cent.) shows that both materials will fail 
intergranularly with limited elongation under slow rates of straining. The car- 
bon-molybdenum steel, being stronger than the carbon steel, tends to show 
somewhat less ductility, especially if in the pearlitic or Widmanstatten condition. 
Partial spheroidization of the carbon-molybdenum steel is advisable if the 
material is to be used above 950 or 1000 degrees Fahr. (510 or 540 degrees 
Cent. ). 

Mr. Scuert: Well, you can design it for that. The question is, are you 
safer to use a carbon steel than you are the carbon-molybdenum steel ? 

Dr. Mrtter: I should say not, if the carbon-molybdenum stcel is tempered 
or partially spheroidized. 

Mr. Scueit: In some of the older processes of cracking petroleum the 
coke chambers were periodically cooled to remove the coke. To decrease the 
time off stream the welded vessels were internally quenched with water and as 
a result of this practice these vessels exhibited a growth in the circumferential 
direction. The stretch has amounted to 2.0 to 2.5 per cent in vessels operated 
over a period of ten years. Are you taking more of a chance with the carbon- 
molybdenum steel in the light of your investigation than you are with the 
straight carbon steels? 

' Dr. Mitter: In the light of our investigation, I should say not. 

Mr. Scueit: Bailey’s paper and his conclusion regarding maximum allow- 
able stretch of one-half per cent certainly gives one a scare when reading it. 

Dr. Miter: Our reply to this comment is to repeat that the ductility of 
any of these materials may be changed by heat treatment, and that in general, 
the higher the strength, the lower the ductility. 


12White, Clark, and Wilson, ‘“‘The Fracture of Carbon Steels at Elevated Temperature,” 
TRANSACTIONS, American Society for Metals, Vol. 25, 1937, p. 863. 

White, Clark, and Wilson, ““The Rupture Strength of Steels at Elevated Temperature,” 
TRANSACTIONS, American Society for Metals, Vol. 26, 1938, p. 52. 

Clark and Freeman, “Elimination of Apparent Hot Brittleness of 0.50 Molybdenum 
Steel,”” Transactions, American Society for Metals, Vol. 30, 1942, p. 1284. 










THE EFFECT OF MOLYBDENUM ON THE ISOTHERMAL, 
SUBCRITICAL TRANSFORMATION OF AUSTENITE IN 
EUTECTOID AND HYPEREUTECTOID STEELS 


By James R. BLANCHARD, RosBert M. PARKE, AND ALVIN J. HERZIG 


Abstract 























From observations of the constant-temperature, sub- 
critical transformation of austenite, S-curves were con- 
structed for steels in eutectoid and hypereutectoid car- 
bon ranges with molybdenum contents up to 0.75 per 
cent. The bay produced in the curves near 1100 degrees 
Fahr. (593 degrees Cent.) is explained on the basis of 
the greater influence of molybdenum on the nucleation 
and growth of pearlite than on the nucleation and growth 
of bainite. Other effects of molybdenum on the micro- 
structures and the retardation of the decomposition of 
austenite at various isothermal transformation tempera- 
tures are discussed. 


INTRODUCTION 


LLOYING elements are used extensively in steel to produce 
“depth hardness’, a property that depends upon two factors: 
(a) the rate of cooling of the austenitized steel and (b) the rate of 
transformation of austenite. Although the first rate i$ severely lim- 
ited by the thermal properties of steel, apparently the second may lhe 
varied as desired by control of the composition of the austenite. So 
many properties of steel are related to the temperature at which the 
prior austenite transforms that one may say the principal use of alloy- 
ing elements in steel is to control the temperature of transformation 
of austenite. Therefore, if these elements are to be used most ad- 
vantageously, an understanding of their functions in the decomposi- 
tion of austenite at constant subcritical temperatures is necessary. 

It is now known that the effect of alloying elements on the trans- 
formation of austenite varies in kind and degree with each element. 
and it is hoped that eventually we may know the individual effects of 
all the common alloying elements, throughout the useful range of 
carbon content. 








A paper presented before the Twenty-fourth Annual Convention of the Soci- 
ety held in Cleveland, October 12 to 16, 1942. Of the authors, James R. 
Blanchard is research metallurgist, Robert M. Parke is research metallurgist, 
and Alvin J. Herzig is chief metallurgist, Climax Molybdenum Co., Detroit. 
Manuscript received June 20, 1942. 
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The present investigation is concerned with those modifications 
of isothermal transformation of austenite in eutectoid and hyper- 
eutectoid steels induced by molybdenum.' The transformation reac- 
tions were studied by metallographic and dilatometric methods as de- 
scribed elsewhere (2), (3),? and the results are compiled in the 
form of the “S” curve, in Figs. 1 to 10. 


DISCUSSION OF RESULTS 


Molybdenum is soluble in both ferrite and cementite (4). In 
molybdenum steels containing coarse pearlite—that is, transformation 
of austenite has occurred just below the Ae,—the concentration of 
molybdenum in cementite is from three to five times its concentration 
in the ferrite (5). Since the extent of the segregation of molybde- 
num in the carbide of pearlite may decrease with the temperature of 
transformation, no direct relation between partition and hardenability 
may exist.2 However, the segregation of molybdenum in cementite 
certainly affects the austenitizing process, for the molybdenum-bear- 
ing carbides dissolve slowly in austenite (6). This, then, is an addi- 
tional difference between plain carbon steels and molybdenum steels, 
since in the latter both molybdenum and carbon segregate during 
transformation to pearlite and disperse during austenitization. 

The Eutectoid Steels—In most studies of the subcritical decom- 
position of austenite an attempt is made to prepare a homogeneous 
austenite. For alloy steels this is sometimes a difficult and imprac- 
tical objective ; that is to say, in commercial practice alloy steels are 
rarely so treated that they become homogeneous. It is, consequently, 
pertinent to investigate the effect of inhomogeneity of austenite on 
its decomposition products. Therefore, a comparison was made be- 
tween the microstructures derived from an inhomogeneous austenite 
and from one more nearly homogeneous. The eutectoid steels were 
selected for these studies. Observations made upon the microstruc- 
tures of the eutectoid steels austenitized at two different tempera- 
tures, 1550 and 2200 degrees Fahr. (843 and 1204 degrees Cent.), 


1The effect of molybdenum on the transformation of austenite in hypoeutectoid steels 
has been reported (1). 


*The figures appearing in parentheses pertain to the references appended to this paper. 


3Even if the ratio of the concentration of molybdenum in carbide to its concentration 
in ferrite does not approach unity when transformation occurs at the maximum rate, it re- 
mains to be proved that the time required for molybdenum to diffuse to the carbide is 
greater than the time required for carbon to diffuse to the carbide in the presence of molyb 
denum. Admittedly, the latter reaction seems the faster. 
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Fig. 1—S-Curve for 0.77 Per Cent Carbon Steel 
Containing 0.017 Per Cent Molybdenum. 


are recorded in Table I.. It may be assumed that equilibrium was 
not attained even at 2200 degrees Fahr. (1204 degrees Cent.), but a 
more nearly complete solution of the carbides was realized at 2200 
degrees Fahr. (1204 degrees Cent.) than at 1550 degrees Fahr. (843 
degrees Cent.). 

The 0.52 and 0.77 per cent molybdenum eutectoid steels, 
when austenitized at 1550 degrees Fahr. (843 degrees Cent.), con- 
tain undissolved spheroidal carbides concentrated in strata.* At tem- 
peratures between 1100 degrees Fahr. (593 degrees Cent.) and the 
Ae,, these steels begin to transform in the regions thickly populated 
with carbides. Growth then proceeds until the nodules impinge on 
other nodules advancing from a neighboring stratum. This is illus- 
trated in Fig. 11. At temperatures below 1100 degrees Fahr. (593 
degrees Cent.) the product of transformation is largely bainite in the 
0.52 and 0.77 per cent molybdenum eutectoid steels, but nucleation 


‘The carbides are in strata because the ingot was hot-rolled to flat strips 1% inch wide by 
0.10 inch thick, whereupon the dendrites became flattened and elongated. In forgings of 
other shapes the carbides would be concentrated in different forms, which would modify the 
volumes in which growth and impingement of the transformation products occur. 
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Fig. 2—S-Curve for 0.77 Per Cent Carbon Steel 
Containing 0.15 Per Cent Molybdenum. 


originates not in the carbide-infested regions but in the intervening 
regions. The “interstratum” austenite is relatively poor in molybde- 
num, and carbides do not normally nucleate bainite; therefore, this 
observation seems consistent. Thus, the distance between the strata 
of carbides is related to the rate of transformation much as grain size 
is related to transformation in carbon steels. 

Table I indicates that, if the molybdenum content is about 0.50 
per cent or above, nucleation by undissolved carbides or interstratum 
nucleation precedes nucleation at grain boundaries, and is so exten- 
sive that the austenite grain size of these steels cannot be determined 
by methods that depend on preferential nucleation at grain bound- 
aries. It follows, of course, that in these instances grain size does 
not greatly influence hardenability. 

The nucleation and growth mechanism, described by Mehl (7), 
for the decomposition of austenite may be used to explain the struc- 
tures produced in molybdenum steels. For example, let it be assumed 
that pearlite, nucleated by carbide, has a certain rate of nucleation 
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Fig. 3—S-Curve for 0.78 Per Cent Carbon Steel Containing 
0.32 Per Cent Molybdenum. 


and rate of growth, both of which are functions of temperature; 
and that bainite, nucleated by ferrite, has its characteristic rate of 
nucleation and rate of growth, which are some other functions of 
temperature. These four rates taken together determine whether 
bainite or pearlite is formed. At temperatures at which the rates 
are similar both will form, and in proportions determined by the four 
rates. Theoretically, there is no reason to expect molybdenum to 
change the rates of nucleation and growth of pearlite at any certain 
subcritical temperature in the same degree that it changes the rates 
of nucleation and growth of bainite. It was observed in the molyb- 
denum eutectoid steels that at those temperatures at which both 
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Fig. 4—S-Curve for 0.77 Per Cent Carbon Steel Containing 
0.52 Per Cent Molybdenum. 


pearlite and bainite were produced the proportion of bainite increased 
with increase in molybdenum content. It is known (1), (3), (8) 
that molybdenum retards transformation to pearlite far more than it 
retards the formation of bainite. It is therefore to be expected that 
molybdenum will raise the highest temperature at which bainite is 
produced and raise the lowest temperature at which pearlite is pro- 
duced. This is the case, as is indicated in Table I. 

The metallographic identification of bainite at temperatures above 
1100 degrees Fahr. (593 degrees Cent.) is not easy because of sphe- 
roidization of the carbide. Even at 1100 degrees Fahr. (593 degrees 


‘This indicates that another limitation to the lowest temperature of pearlite formation 
may become operative before that suggested by Mehl (7) through consideration of the rela- 
tion between interlamellar spacing versus size of cementite molecule. 
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Fig. 5—S-Curve for 0.79 Per Cent Carbon Steel Containing 
0.77 Per Cent Molybdenum. 





Cent.) it is difficult to distinguish between spheroidite formed di- 
rectly from austenite (by nucleation from undissolved carbides) and 
bainite tempered at the temperature of formation. There is even 
some similarity between high temperature bainite and pearlite. How- 
ever, the higher austenitizing temperature, 2200 degrees Fahr. (1204 
degrees Cent.), produces a more acicular bainite rather than increas- 
ing the proportion of pearlite. 

One is led to decide that it is the greatly different effect of 
molybdenum on the rate of formation of pearlite as compared to its 
effect on the rate of formation of bainite that produces an indentation 
in the beginning curve at 1100 degrees Fahr. (593 degrees Cent.) of 
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Fig. 6—S-Curve for 1.18 Per Cent Carbon Steel Containing 0.009 
Per Cent Molybdenum. 


the S-curves for the high molybdenum eutectoid steels. The S-curves 
of the molybdenum steels have an additional region of minimum 
time for initiation of (identifiable) transformation at about 1200 de- 
grees Fahr. (649 degrees Cent.). This might be called the “pearlite 
nose’’®, since the product is pearlitic when the molybdenum content is 
0.75 per cent or less. The region of minimum time for initiation of 
(identifiable) transformation at about 950 degrees Fahr. (510 de- 
grees Cent.) similarly might be called the “‘bainite nose”. In plain 
carbon steels the temperature of maximum rate of transformation 
to ) pearlite almost coincides with the temperature of maximum rate 





‘It is by transformation at the pearlite nose that these steels may be softened with the 
minimum of time. 
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Fig. 7—S-Curve for 1.16 Per Cent Carbon Steel Containing 0.15 
Per Cent Molybdenum. 


of transformation to bainite, and the temperature range in which 
both pearlite and bainite form simultaneously is extremely narrow. 

In accordance with this reasoning, the indentation at 1100 degrees 
Fahr. (593 degrees Cent.) in the beginning curves for the molyb- 
denum steels occurs because, as the temperature decreases, the effect 
of molybdenum in retarding the transformation of austenite to 
pearlite increases, while the effect on the rate of bainite formation 
decreases. This point is illustrated in Fig. 12, where the logarithms 
of the ratios of the times for transformation of the molybdenum 
eutectoid steels to the time for transformation in the plain carbon 
eutectoid steel are plotted against transformation temperature. Note 
that the temperature of greatest effect on the time for transformation 
decreases from 1200 degrees Fahr. (649 degrees Cent.) with 0.15 
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Fig. 8—S-Curve for 1.19 Per Cent Carbon Steel Containing 0.33 
Per Cent Molybdenum. 


per cent molybdenum to 1050 degrees Fahr. (540 degrees Cent.) 
with 0.77 per cent molybdenum. The time for transformation of 
eutectoid steel at 1300 degrees Fahr. (704 degrees Cent.) is increased 
only five times by 0.77 per cent molybdenum, but at 1050 degrees 
Fahr. (540 degrees Cent.) the 0.77 per cent molybdenum steel 
requires 28,000 times as long to transform as does the carbon steel. 

The nucleation-and-growth hypothesis also includes the pos- 
sibility of forming a carbide-ferrite structure in which these two con- 
stituents do not co-operate in the transformation of austenite quite 
as they do in pearlite or in bainite. Consider the case of an ex- 
tremely low rate of nucleation of ferrite and a slightly lower rate of 
nucleation of carbide, both ferrite and carbide having a rather normal 
rate of growth. When a ferrite nucleus formed, it would grow from 
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Fig. 9—S-Curve for 1.15 Per Cent Carbon Steel Containing 0.53 
Per Cent Molybdenum. 





austenite for a large distance along the most favorable atom planes 
before a carbide nucleus was formed at the austenite-ferrite inter- 
face ; and when a carbide nucleus finally did form, it might not grow 
parallel to the ferrite plate, but instead might grow along those planes 
favorable to it. Thus, a structure of ferrite needles in one direction 
with contiguous carbide needles lying in another direction would 
be built up. Such a structure was found in the 0.77 per cent molybde- 
num eutectoid steel transformed at 1000 degrees Fahr. (538 degrees 
Cent.), and is shown in Fig. 13. No convenient means of proving 
that this structure formed in the manner described was deduced, but 
the authors find nothing incompatible with the explanation. 

Table I also records the qualitative observation that molybdenum 
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Fig. 10—S-Curve for 1.18 Per Cent Carbon Steel Containing 0.78 
Per Cent Molybdenum. 
increases the interlamellar spacing of pearlite at 1200 degrees Fahr. 
(649 degrees Cent.). In view of the fact that manganese and nickel 
do not change the pearlite spacing, as reported by Pellissier, Hawkes, 
Johnson, and Mehl (9), this is interesting. As little as 0.15 per 
cent molybdenum obviously coarsened 1200 degrees Fahr. pearlite. 
Further additions of molybdenum greatly expand the spacing so that 
the structure of 0.77 per cent molybdenum eutectoid steel is scarcely 
recognizable as pearlite. The structures formed at 1200 degrees 
Fahr. (649 degrees Cent.) in steels containing increasing amounts 
of molybdenum are shown in Figs. 14 to 18. Below 1200 degrees 
Fahr. (649 degrees Cent.) the effect of molybdenum on pearlite 
spacing could not be observed; since, as the molybdenum content 








Fig. 11—Carbon 0.79 Per Cent, Molybdenum 0.77 Per Cent. Held 1000 Seconds 
at 1200 Degrees Fahr.  X 500. 
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Fig. 12—Eutectoid Steels. Ratio of Time for Transformation of 
Molybdenum Steels to the Time for Transformation of Plain Carbon 
Steels. 


increases, pearlite gives way to bainite before the spacing is 
increased sufficiently to be observed, if indeed an effect on pearlite 
spacing actually exists below 1200 degrees Fahr. (649 degrees Cent.). 
At 1300 degrees Fahr. (704 degrees Cent.) molybdenum does not 
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Fig. 13—Carbon 0.79 Per Cent, Molybdenum 0.77 Per Cent. Austenitized at 2200 
Degrees Fahr. Held 10,000 Seconds at 1000 Degrees Fahr. X 1000. 


noticeably change the pearlite spacing, but neither does it greatly 
affect the rate of transformation at 1300 degrees Fahr. (704 degrees 


Cent. ). 

The Hypereutectoid Steels—The hypereutectoid steels differed 
from the eutectoid steels in certain respects. The pro-eutectoid car- 
bide precipitated at the grain boundaries sufficiently in advance of 
intragranular formation that grain size determination could be made 
for all steels in this series. The pro-eutectoid carbide, frequently 
observed to be conjugate with the carbide of pearlite, evidently served 
to nucleate the pearlite reaction, and thus the time for the decomposi- 
tion of austenite was shorter than it was for the eutectoid steels of 
similar molybdenum content. Below about 1000 degrees Fahr. (538 
degrees Cent.) the average rate of decomposition, however, was less 
for the hypereutectoid steels than it was for the eutectoid steels. The 
indentation at 1100 degrees Fahr. (593 degrees Cent.) in the begin- 
ning curves for the high molybdenum hypereutectoid steels is not so 
deep as in the eutectoid steels, perhaps because of the strong nucleat- 
ing effect of the pro-eutectoid carbide. As in the eutectoid steels, 
molybdenum increased the pearlite spacing at 1200 degrees Fahr. 
(649 degrees Cent.) 


At 1000 degrees Fahr. (538 degrees Cent.) the intergranular 
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Fig. 14—Carbon 0.77 Per Cent, Molybdenum 0.017 Per Cent. Austenitized at 
1550 Degrees Fahr. Held 10 Seconds at 1200 Degrees Fahr. X 1000. 

Fig. 15—Carbon 0.77 Per Cent, Molybdenum 0.15 Per Cent. Austenitized at 1550 
Degrees Fahr. Held 100 Seconds at 1200 Degrees Fahr. x 1000. 
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Fig. 16—Carbon 0.78 Per Cent, Molybdenum 0.32 Per Cent. Austenitized at 1550 
Degrees Fahr. Held 1000 Seconds at 1200 Degrees Fahr. xX 1000. 

Fig. 17—Carbon 0.77 Per Cent, Molybdenum 0.52 Per Cent. Austenitized at 1550 
Degrees Fahr. Held 1200 Seconds at 1200 Degrees Fahr. x 1000. 
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Fig. 18—Carbon 0.79 Per Cent, Molybdenum 0.77 Per Cent. Austenitized at 1550 
Degrees Fahr. Held 2200 Seconds at 1200 Degrees Fahr. x 1000. 

Fig. 19—Carbon 1.18 Per Cent, Molybdenum 0.78 Per Cent. Austénitized at 1700 
Degrees Fahr. Held 90,000 Seconds at 1000 Degrees Fahr. x 1000. 
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network nucleates transgranular plates of carbide. The 0.77 per cent 
molybdenum steel is composed mostly of acicular carbide in a matrix 
of ferrite (Fig. 19). The structures occurring below 900 degrees 
Fahr. (482 degrees Cent.) appear to be unaltered by molybdenum. 


SUMMARY 


In eutectoid and hypereutectoid steels increasing amounts of 
molybdenum progressively shift the S-curve to the right above 900 
degrees Fahr. (482 degrees Cent.) and produce a bay in the region 
of 1100 degrees Fahr. (593 degrees Cent.). The bay in the S-curves 
of molybdenum steels in the region of 1100 degrees Fahr. (593 
degrees Cent.) is the result of a notably greater effect of molybdenum 
on the rate of transformation of austenite to pearlite than its effect 
on the rate of transformation to bainite. The bay separates the 
structures which are predominantly pearlitic from those predominant- 
ly bainitic. 

In commercial practice the austenitization of molybdenum steels 
may frequently result in a_heterogeneous austenite and, if the hetero- 
geneity is of the type that is evidenced by undissolved carbides, these 
carbides (if in sufficient quantity) nucleate transformation in ad- 
vance of grain boundary nucleation at temperatures above 1100 de- 
grees Fahr. (593 degrees Cent.) In such instances grain size does 
not play its customary role. 

Molybdenum markedly increases the interlamellar spacing of 
pearlite at 1200 degrees Fahr. (649 degrees Cent.) in both eutectoid 
and hypereutectoid steels. 

The occurrence in molybdenum steels of some structures not 
identifiable as either pearlite or bainite is considered. 

Like that of the other elements, the function of molybdenum in 
retarding the decomposition of austenite is not fully understood but 
is thought to be dependent on phenomena which involve diffusion. 
These phenomena include the rate of diffusion of molybdenum, the 
partition of molybdenum between ferrite and cementite, the effect of 
molybdenum on rate of nucleation of the constituents formed, and 
the effect of molybdenum on rate of diffusion of carbon. They may 
act dependently. 

The data of Ham, Parke, and Herzig (10) indicate that at 
1050 degrees Fahr. (566 degrees Cent.) the rate of diffusion of 
carbon in austenite containing 0.80 per cent molybdenum is about 
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one-fifth of its rate in austenite of plain carbon steels. In the present 
investigation it was shown that 0.77 per cent molybdenum increased 
the time for eutectoid austenite to transform some 28,000 times. It 
does not appear likely therefore that the effect of molybdenum on 
the rate of diffusion of carbon will be an important factor in ex- 
plaining the mechanism by which molybdenum operates to increase 
hardenability. 

The S-curves determined in this study, coupled with the curves 
published earlier, complete the record of the effect of molybdenum 
up to 0.77 per cent in the carbon range from O to 1.20 per cent. 
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DISCUSSION 


Written Discussion: By John J. B. Rutherford, research metallurgist, 
The Babcock & Wilcox Tube Co., Beaver Falls, Pa. 

The authors have made another valuable contribution towards the study 
of the effect of alloying elements on the transformation rates of carbon steel. 
It is difficult to conceive the amount of effort which must be expended to 
accumulate the data contained in this paper, and then to realize it is a small 
part of the picture as a whole. 

There are some details in experimental technique which might prove 
valuable by their admission. Was the steel induction or arc melted? And in 
what quantities? The chemical analyses attached to the charts would indicate 
that molybdenum additions were made to the ladle in steel from one source; 
for witness, note the similarity in manganese, silicon, sulphur, phosphorus be- 
tween the various lots. Then a brief description of prior treatment, i.e., anneal- 
ing and forging practice, might be associated with the relative heterogeneity 
described by the authors. 

In regard to the real significance of this paper, possibly an over- 
emphasis has been placed on the work of Mehl and his collaborators. It would 
seem dangerous to carry an argument from a two-component system to a three- 
component system just by analogy. The title of this publication does not seem 
to attach proper significance to this feature; there are few who will agree that 
a 0.8 per cent carbon, eutectoid steel, by the addition of appreciable quantities 
of molybdenum, remains a eutectoid steel. 

The writer, while working under Bain and Davenport, observed that iron- 
carbon-molybdenum, iron-carbon-tungsten and iron-carbon-chromium alloys, on 
transforming to the coarser aggregates, yielded carbides richer ih these respec- 
tive elements, than obtained on transformation to finer pearlites. These car- 
bides were generally a solid solution of iron carbide with the carbide of the 
alloying element; although in a case similar to Fig. 5, it has been observed 
that, at 1300 degrees Fahr. (704 degrees Cent.), the first reaction product was 
a molybdenum-rich carbide (cubic habit), followed by so-called pro-eutectoid 
ferrite and concluding with an aggregate—so-called pearlite—of ferrite and 
iron-rich carbide (orthorhombic habit.) 

In analyzing the S-curve, then, might it not be said that the segment 
below about 900 degrees Fahr. (480 degrees Cent.) is affected primarily by 
addition of carbon; the segment about 900 degrees Fahr. (480 degrees Cent.) 
is duly affected by the addition of ferrite—or austenite—stabilizing elements 
according to the interpretation of Mehl; while the segment above 900 degrees 
Fahr. (480 degrees Cent.) is generally retarded by the addition of alloying 
elements but becomes discontinuous with the lower segment in the presence 
of carbide-forming elements since a three-phase system becomes operative in 
place of the two-phase system at lower temperatures. 

It is hoped that the authors will take kindly to the criticism offered here- 
with, 

Written Discussion: By J. O. Lord, associate professor of metallurgy, 
Ohio State University, Columbus, Ohio. 

The importance of the studies on the transformation of austenite at constant 
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subcritical temperatures, developed and first instituted by Dr. Davenport and 
Dr. Bain, cannot be over-appraised. From the standpoint of teaching, it offers 
the clearest, most easily followed correlation of heat treatment with structure 
that has yet been presented, and from the standpoint of research and develop- 
ment in heat treatment it offers a compilation of useful data that rivals, and 
perhaps exceeds, in importance the equilibrium diagram itself. 

Hence all accurate additions to this type of information must be hailed as 
fundamental and of permanent value. The Climax Molybdenum Company, 
through the authors of the present paper, has been especially generous in its 
contributions in this field. 

The interesting and unusual feature in the curves presented in this paper 
is the bay between 930 and 1200 degrees Fahr. (500 and 650 degrees Cent.). 
This indicates a tendency for the rate of transformation of austenite to decrease 
at the temperature at which it reaches a maximum in carbon steels. The 
same effect has been observed in chromium steels. 

So far, the explanations for this bay have been speculative and of an 
emperical nature. The authors mention the transformation to pearlite as deter- 
mining the upper portion of the curve with the transformation to bainite deter- 
mining the lower portion. The conditions under which these two constituents 
form in carbon, manganese and nickel steels has been discussed by Mehl in his 
article on The Physics of Hardenability (Reference 7 of the Paper). 

Dr. Mehl bases his reasoning with regard to the change from transforma- 
tion to pearlite to transformation to bainite on the hypothesis that pearlite is 
nucleated by cementite and upper bainite by ferrite, but with the explanation 
that, as the temperature of transformation is lowered, the critical size of the 
nucleus, i.e., the size that would be expected to resist disintegration, becomes 
smaller. For cementite this approaches molecular size at some 627 degrees 
Cent. Below this temperature pearlite ceases to be a possible transformation 
product. 

For ferrite, on the other hand, the critical size of the nucleus approaches 
that of the unit cell at about 1085 degrees Fahr. (585 degrees Cent.). Thus 
between 1160 and 1085 degrees Fahr. (627 and 585 degrees Cent.) ferrite 
nucleates the decomposition of austenite and it is in such a temperature range 
that upper bainite forms. 

However, this does not explain the circumstance, observed in molybdenum 
steels, under which bainite forms rapidly at a temperature only slightly lower 
than that at which pearlite forms very slowly. 

It has been shown that the rate of growth of pearlite is dependent upon 
the rate of diffusion of carbon and the interlamellar spacing of the cementite. 
In carbon steels, this rate of growth increases down to the lowest temperature 
at which pearlite can form but according to Becker, as cited by Mehl, there 
should be a maximum at some temperature below Ae. It seems perfectly 
logical however that in the case of certain alloys, notably chromium and 
molybdenum, this maximum could be above the lowest temperature of pearlite 
formation. 

Likewise, a maximum in the rate of formation of bainite might exist, giving 
rise to the intermediate minimum, or bay, where the curves for transformation 
to pearlite and to bainite intersect. 
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However, another possibility suggests itself which might be worthy of 
further consideration, and that is the possibility of the martensite reaction 
playing a part. This reaction proceeds according to. different laws from those 
governing the formation of pearlite or bainite and is apparently not nearly so 
much affected by the presence of alloying elements. The longer time permitted 
by the delay in pearlite formation might permit the martensite reaction to 
precede the formation of bainite. It has been suggested that “lower” bainite 
(or acicular troostite) is self-tempered martensite. The fact that this part of 
the curve for all the molybdenum steels is almost identical to that for carbon 
steels helps to bear this out. 

The authors call the structure of Fig. 19 “Acicular carbide in a matrix 
of ferrite.” This structure looks so similar to acicular troostite that it would 
be helpful to know how the phases were identified. 

One statement in the summary puzzles me. They state “It does not appear 
likely therefore that the effect of molybdenum on the rate of diffusion of 
carbon will be an important factor in explaining the mechanism by which 
molybdenum operates to increase hardenability.” This is stated in connection 
with the observation that diffusion rate is one-fifth of that in carbon steels 
whereas reaction time is multiplied by about 2800 degrees. 

Assuming that linear diffusion is meant, a factor of five would certainly 
indicate a very considerable difference in the size of a growing particle after 
a given length of time. But considering the effect on nucleation itself which 
is, in the last analysis, a matter in which probability plays a part, the total 
effect of such a change in rate of diffusion must be quite large. 

I cannot but feel that the rate of diffusion of carbon is one of the most 
important factors in the ultimate explanation of the behavior of alloy steels. 

Written Discussion: By Malcolm F. Hawkes, instructor, department of 
metallurgy, Carnegie Institute of Technology, Pittsburgh. 

In this paper, Messrs. Blanchard, Parke, and Herzig add some excellent 
material to a series of well co-ordinated researches on phenomena relating to 
the effect of molybdenum on the hardenability of steel. One item of interest, 
however, might be examined further. 

On pages 860 to 861, the authors report that “molybdenum increases the 
interlamellar spacing of pearlite at 1200 degrees Fahr. (649 degrees Cent.)” 
and express interest “in view of the fact that manganese and nickel do not 
change the pearlite spacing as reported by Pellissier, Hawkes, Johnson and 
Mehl.”” 

However, it should be noted that the curves plotted by the latter investi- 
gators indicating no effect by manganese and nickel do not compare pearlites 
formed at the same subcritical temperature. Instead pearlite spacing is plotted 
against the degree of undercooling below Ax, that is, against T.—T, where 
T. is the lower A; temperature and T is the isothermal transformation tem- 
perature at which the pearlite was formed. (See. Fig. 17 of their paper). 
This was done because some basis of corresponding temperatures was desired 
for use in comparing the spacing of pearlite formed in alloy steels with the 
spacing of that formed in plain carbon steels. The basis chosen seemed 


"G. E. Pellissier, M. ¥. Hawkes, W. A. Johnson, and R. F. Mehl, “The Interlamellar 
Spacing of Pearlite,” Transactions, American Society for Metals, Vol. 30, 1942, p. 1049. 
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reasonable since in all of these steels, the knee of the S-curve appeared to 
occur at about the same number of degrees below the lower A; temperature. 
Thus, although manganese and nickel increase the spacing of pearlite formed at 
one definite temperature, the disparity appeared to be eliminated on considering 
that they lower the A: temperature. Such a comparison in the case of the 
molybdenum steels, conversely, appears to widen the disparity since both 
pearlite spacing and the A; temperature are increased. 

On the other hand, Pellissier, et al., showed in Fig. 16 of their paper that 
when their data is plotted instead, as pearlite spacing against temperature of 
formation (the method of comparison used by Messrs. Blanchard, Parke, and 
Herzig) then manganese and nickel very definitely increase the spacing, as does 
molybdenum. At 1200 degrees Fahr. (650 degrees Cent.) (the same comparison 
temperature used by Messrs. Blanchard, Parke, and Herzig) 1.5 per cent 
manganese was shown to give a 75 per cent increase in spacing; 1 per cent 
nickel gave a 60 per cent increase, and 3 per cent nickel more than doubled 
the spacing. 

It is interesting to note, in the same figure, that cobalt markedly decreased 
pearlite spacing at constant temperature. Since cobalt is the only element 
reported to act in this fashion, and since, also it is the only element reported 
which decreases hardenability when dissolved in austenite, it would appear that 
the same factors affecting rates of nucleation and growth also affect pearlite 
spacing. Low rates of nucleation and growth (hence high hardenability) 
appear to be associated with coarse spacing of pearlite. Further evidence for 
this reasoning is found in the authors’ statement on pages 862-863 that “at 1300 
degrees Fahr. (704 degrees Cent.) molybdenum does not noticeably change the 
pearlite spacing, but neither does it greatly affect the rate of transformation at 
1300 degrees Fahr. (704 degrees Cent.).” 


Oral Discussion 


CHARLES NaGLeR:* We would like to en‘arge on this paper in regard 
to some of the work that we have done on some cast iron. 

The irons that we investigated were approximately 3 carbon-2 silicon 
with about 70 points of manganese and we found that between the temperatures 
of 400 and 800 degrees Fahr. (205 and 425 degrees Cent.) that the addition 
of molybdenum in amounts up to 2 per cent had very little effect on the rate 
of austenite transformation. 

We found that the addition of molybdenum to cast iron had an appreciable 
effect on the rate of the austenite transformation in the temperature range 
between 900 and 1300 degrees Fahr. (480 and 705 degrees Cent.). The results 
from our experiments correlated quite well with the data presented in this 
paper, on the effect of molybdenum additions to eutectoid and hypereutectoid 
steels. In the isothermal transformation temperature ranges, between 400 and 
500 degrees Fahr. (205 and 260 degrees Cent.), an acicular troostite structure 
was formed, which some of the metallurgists prefer to refer to as Bainite. 
We found as the temperature of transformation was increased by increments 
of 100 degrees Fahr. (38 degrees Cent.), above 500 degrees Fahr. (260 degrees 


8Metallurgist, Tool Steel Division, Federal Cartridge Corp., Twin Cities Ordnance 
Plant, Minneapolis, Minn. 
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Cent.) the acicular structure tended to disappear and be replaced by a 
structure which we prefer to refer to as acicular ferrite. 

At the 1000-degree temperature level in a 3 carbon-2 silicon iron with 
about 50 points of molybdenum present an extremely fine pearlite was formed 
and we had very little success in resolving the pearlite at that temperature 
level, but we found that as we increased the transformation temperature to 
1100 of 1200 degrees Fahr. (595 of 650 degrees Cent.) the pearlite lamellae 
were spread far enough apart so we could actually identify the pearlitic 
structure at the higher temperature level. t 

I would like to state that in the study of the effect of molybdenum on 
the isothermal transformation rates, we made use of a magnetic method which 
we checked metallographically. We had questioned our ability to approximate 
the completion of reaction of austenite transformations at the various tem- 
perature levels. In our work we resorted to a magnetic method for determining 
austenite transformation rates, and we had good correlation with the metal- 
lographic method within the allowable experimental error. The set-up used 
was based on the idea that austenite at the solution temperature of 1600 de- 
grees Fahr. (870 degrees Cent.) is non-magnetic and the transformation prod- 
ucts magnetic. The transformation products formed at different temperatures 
are martensite, acicular troostite, acicular ferrite, lamellar pearlite, or coarse 
lamellar pearlite. The transformation products being magnetic, the transforma- 
tion rate of the austenite was followed by noting changes in magnetic properties 
of the cast irons. The changes in magnetic properties were measured at the 
temperature of transformation studied. If we were determining the transforma- 
tion rate at 1100 degrees, the magnetic transformer was so adjusted that after 
the specimen was quenched from the solution temperature down, to the trans- 
formation temperature, the specimen was exposed to a magnetic field at the 
same temperature and the changes in permeability of the specimens recorded. 
The samples were quenched from the austenitizing temperature to the trans- 
formation temperature by making use of a molten salt bath. It was our 
experience that low permeability was found in fully austenitic samples and as 
transformation progressed the permeability increased. 

A. L. Rustay:*® I am interested in knowing whether or not you employed 
dilatometric methods to determine the transformation on some of these long 
drawn-out reactions. I am thinking particularly of the hypereutectoid material 
where some of the structures are such that it may be difficult to determine the 
progress of transformation. 


Authors’ Reply 


The authors wish to express their appreciation to the gentlemen who dis- 
cussed this paper. In reply to Mr. Rutherford we intended to imply, by refer- 
ence to another paper, that the experimental technique was the same as that 
employed in the previous work. However, it might be well to state here that 
the steels used in this investigation were not made from one base material; 
instead, attempts were made to control the composition of several 30-pound 


*Metallurgist, Wyman-Gordon Co., Worcester, Mass. 
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induction heats. Each heat was split and molybdenum additions were made to 
the second half. 

The 15-pound ingots were forged into 34-inch square bars and rolled into 
strips % inch wide by approximately 0.090 inch thick. The strips were nor- 
malized at 1700 degrees Fahr. and annealed at 1500 degrees. For metallographic 
work, 0.5 by 0.5 by 0.050-inch specimens were used; and for dilatometric studics 
4 by 0.5 by 0.035-inch specimens were prepared. 

The authors feel that the work of Mehl and his collaborators cannot be 
overemphasizel in a discussion of the mechanism of the decomposition 0: 
austenite at subcritical temperatures. Even though their work covers plain 
carbon steels, the fundamental principles involved in the decomposition of aus- 
tenite are essentially the same, regardless of composition; therefore the rate at 
which austenite decomposes depends on the same factors whether molybdenum 
is present or not. We believe that the effects of alloying elements on the 
isothermal, subcritical transformation of austenite in steels cannot be fully un- 
derstood without a knowledge of the nucleation and growth phenomena. 

The authors admit that they used the term “eutectoid steels” loose’y in 
referring to the 0.78 per cent carbon-molybdenum compositions, and did not 
intend to convey the strict sense of the word as used in equilibrium terminology. 

Evidence is lacking to show the existence of a third phase in these alloys. 
The authors have made metallographic examinations only, and therefore can 
neither agree nor disagree with Mr. Rutherford on this point; but they would 
indeed be interested in further support for his observation. 

Professor Lord has stressed the theoretical and practical importance of 
the studies of the transformation of austenite at constant, subcritical tempera- 
tures. We agree that the importance cannot be over-appraised, especially to 
those who have not yet recognized the value of these data in the solution of 
heat-treating problems. 

Theories explaining the presence of the bay in the S-curves between 950 
and 1200 degrees Fahr. (510 and 650 degrees Cent.) have not been discussed in 
the literature to any extent, and as far as is known no rigorous treatment of the 
problem has been attempted. The first explanation suggested by Professor 
Lord is in agreement with the authors’ theory as given in the paper. It may 
well be that there is a small bay in the region of the nose of the S-curve of 
even a plain carbon steel as a result of the intersection of the pearlite curve 
and the bainite curve. Proof of its existence would be very difficult, as the 
reaction rates are extremely rapid at that temperature level. 

Professor Lord’s second suggestion—the formation of martensite in the 
temperature range of the bay—does not seem probable in view of the fact that 
the reaction products are formed by the nucleation and growth process, and 
martensite is not. 

The phases of Fig. 19 were identified by etching and by following metallo- 
graphically the progress of the transformation from the start until near the end 
with a series of samples. The precipitation of carbide, its growth, and, finally, 
the formation and growth of ferrite could be traced. Without doubt, this struc- 
ture is formed by nucleation and growth. 

The statement that the rate of diffusion of carbon is not an important 
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factor in the explanation of the mechanism by which molybdenum operates to 
increase hardenability was set down after due consideration of the available data. 

In the course of the work we had occasion to measure rates of nucleation 
and growth of pearlite in the molybdenum eutectoid steels; however, owing to 
the presence of undissolved carbides, we found it impossible to make precise 
measurements of these factors, but at least it was evident that the number of 
nuclei per unit area of the plane of polish was not unusually small. Johnson 
and Mehl,” in the relation they developed between grain size, rate of growth, 
rate of nucleation, and time for transformation of austenite, concluded that the 
rate of nucleation may vary tremendously with but relatively small effect on 

A®Ns 

the time for transformation of austenite. For example, the factor 





may 


G 
be changed from a value of 0.3 to oo merely by varying Ns; yet the time of 
transformation will be changed only 70 per cent. 

This reasoning does not constitute proof, but it seems to us to indicate 
strongly that the effect of molybdenum on the rate of diffusion of carbon is 
one of the minor factors contributing to increase in hardenability. 

The authors are indebted to Mr. Hawkes for enlarging on the remarks 
made on the comparative effects of nickel, manganese, and molybdenum on the 
interlamellar spacing of pearlite formed at 1200 degrees Fahr. (650 degrees 
Cent.). The reader of this paper is thereby prevented from misapprehending 
the facts. The statement that nickel and manganese do not change the inter- 
lamellar spacing of pearlite formed at the same temperature interval below the 
Ae; should have been included in the paper. If nickel and manganese did not 
alter the interlamellar spacing of pearlite formed at a definite subcritical tem- 
perature, one might conclude that the rate of decomposition of the austenite at 
this temperature would not be affected by these elements. Of course, this is 
not to be implied. 

Since the Ae, temperatures of the “eutectoid” carbon-molybdenum steels 
are approximately the same, as indicated on the S-curves, the comparison of 
interlamellar spacing at 1200 degrees Fahr. shows the actual effect of molyb- 
denum; in other words, it is both a comparison at the same formation tem- 
perature and a comparison at the same interval below the Ae: temperature. 
Molybdenum in sufficient amounts will raise the Ae: temperature of a carbon 
steel; however, the concentrations of molybdenum in the steels used in this 
work were too low to produce any detectable alteration. 

We are pleased to learn that Mr. Nagler’s investigation of molybdenum 
cast irons has provided him with data that can be correlated with ours. The 
magnetic method of determining the rates of decomposition of austenite has 
been used more widely in Germany than in this country. This and other meth- 
ods employed for the same purpose have their own limitations and advantages ; 
therefore, one method will not supplant the others for general-use. For tem- 
peratures above 500 degrees Fahr. (260 degrees Cent.), we prefer the metal- 
lographic method, because it is the most expedient for studying groups of five 
compositions having the same solution temperature and provides at the same 
time a fund of information which cannot be derived in any other way. 


930 ePansactions, American Institute of Mining and Metallurgical Engineers, Vol. 135, 
» Pp. 416. 
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In answer to Mr. Rustay’s question, the dilatometer was used to determine 
the progress of the transformation of the hypereutectoid steels at temperatures 
of 500 degrees Fahr. (260 degrees Cent.) and below. At 300 degrees Fahr. 
(150 degrees Cent.), the start of the reaction at about eight hours and the 
end of the reaction at about six days can be easily detected in the time-dilation 
curves. The use of the dilatometer in the temperature region of rapid initia- 
tion of reaction is, of course, more difficult, but it is permissible if the proper 
precautions are taken. At temperatures above 500 degrees Fahr. (260 degrees 
Cent.), the reaction could be followed with ease and with-more dispatch by the 
metallographic method. 





THE EFFECT OF MOLYBDENUM ON THE RATE OF 
DIFFUSION OF CARBON IN AUSTENITE 


By Joun L. Ham, Ropert M. ParRKE AND ALVIN J. HERZzIG 


Abstract 


The rate of diffusion of carbon in austenite contain- 
ing 0.80 per cent molybdenum has been determined at 
1800, 2000, and 2200 degrees Fahr. (982, 1093, and 1204 
degrees Cent.). 

A comparison of the rates obtained with those for 
plain carbon steel determined by other investigators reveals 
that in the neighborhood of 2000 degrees Fahr. (1093 
degrees Cent.) molybdenum has little or no effect on the 
rate of diffusion of carbon. At higher temperatures the 
rate is slightly accelerated, and at lower temperatures tt 
is retarded by the presence of molybdenum. It ts con- 
cluded that this retardation accounts for only a small part 
of the effect of molybdenum on hardenebility. 

The possibility of measuring the diffusion coefficients 
of both constituents of a binary diffusion system by a con- 
sideration of changes in shape or length during diffusion 
is discussed. 

It is pointed out that the methods ordinarily used to 
evaluate diffusion coefficients are strictly valid only tf the 
original interface is used as the origin for distance meas- 
urements and if concentration is expressed n mass per 
unit volume or proportional units. 


A deal of descriptive data concerning the rates of vari- 
ous metallurgical phenomena has accumulated in recent years. 
New data concerning rates of creep, tempering, phase change, scal- 
ing, carburization, decarburization, and so forth, are appearing in 
the literature regularly. Such data, when reliable and accompanied 
by an exact description of the conditions under which they were 
obtained, are extremely useful. 


If the fundamental mechanism of these various processes were 
thoroughly understood, much more information could be obtained 
from fewer data. Probably the over-all rates of many of these phe- 


_ A paper presented before the Twenty-fourth Annual Convention of the So- 
ciety held in Cleveland, October 12 to 16, 1942. Of the authors, John L. Ham 
and Robert M. Parke are research metallurgists, and Alvin J. Herzig is chief 
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nomena are entirely dependent on the rates of relatively few, more 
fundamental processes. The authors believe that a careful analysis 
of data concerning these underlying processes will eventually lead 
to an explanation of much of the descriptive data now on hand, and 
will enable the metallurgist to predict the behavior of metals more 
intelligently than is now possible. 

The rate of transformation of austenite and its relation to hard- 
enability has recently been the subject of considerable study in our 
own and other laboratories. R. F. Mehl (1)* has shown that at tem- 
peratures not too far below the Ae, it must be controlled largely by 
the rates of diffusion of the elements present. In view of the marked 
effect of molybdenum on the rate of transformation of austenite 
near 1050 degrees Fahr. (566 degree Cent.), it seemed desirable to 
determine whether this effect could be the result of an alteration by 
molybdenum of the rate of diffusion of carbon in austenite or whether 
the rate of diffusion of molybdenum itself was the controlling process 
It is logical to determine first the effect of molybdenum on the rate 
of diffusion of carbon in austenite. The knowledge of the effect of 
molybdenum on the rate of diffusion of carbon will also be useful in 
explaining the reaction of molybdenum steels to treatments involving 
homogenization, austenitization, carburization, decarburization, and 
so forth. The experiments described here were designed to deter- 


mine the effect of molybdenum on the rate of diffusion of carbon in 
austenite. 


Previous Work 


As far as is known, no reliable data concerning the effect of 
molybdenum on the rate of diffusion of carbon in austenite are avail- 
able. It is known, however, from the work of Wells and Mehl (2) 
that nickel and manganese, which also have a pronounced effect on 
the rate of transformation of austenite, slightly accelerate the rate 
of diffusion of carbon at 1832 degrees Fahr. (1000 degrees Cent.). 
This rate has also been measured by Runge (3), Tammann and 
Schonert (4), Bramley and co-authors (5, 6, 7), and Paschke and 
Hauttmann (8). A careful consideration of the experimental pro- 
cedure and of the mathematical methods employed in analyzing the 
data leads to the conclusion that the values reported by Wells and 
Mehl are most nearly correct. The values reported by Paschke and 


1The figures appearing in parentheses pertain to the references appended to this paper. 
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Hauttmann should also be given some weight, however, since their 
experimental technique was practically identical with that of Wells 
and Mehl. This technique, which consists essentially of allowing car- 
bon to diffuse from a high carbon steel into a low carbon steel of 
the same composition with respect to other elements, is superior to 
that of surface carburization or decarburization used by most other 
investigators, in that it avoids any questionable assumptions as to 
boundary conditions, that is, as to the rate of absorption or loss of 
carbon at the interface between the specimens and the surrounding 
medium. 

The diffusion rates of carbon reported by Wells and Mehl are 
considered more reliable than those of Paschke and Hauttmann, 
chiefly because the experimental conditions under which the tests were 
performed are more completely described and because a sounder 
method was used to analyze the data. Wells and Mehl found that 
the rate of diffusion of carbon was not appreciably affected by grain 
size or by the impurities ordinarily found in commercial steels but 
that it increased considerably with increasing carbon concentration. 


EXPERIMENTAL METHOD 


The method used in this investigation is similar to that used by 
Wells and Mehl, but is modified in one important respect. Wells and 
Mehl welded the specimens in a hydrogen atmosphere by the electri- 
cal resistance method, and subsequently “annealed” them in a vacuum 
or protective atmosphere; whereas, in the present investigation, the 
ends of the specimens were given a flat metallographic polish and 
were forced together after being heated to the desired temperature 
ina vacuum furnace. Three primary considerations led to this modi- 
fication : 

1. It is more difficult to dissolve molybdenum-bearing cementite 
than it is to dissolve ordinary cementite in austenite. The 
modification mentioned permitted the specimens to be held at 
any temperature and for any length of time desired to dis- 
solve the carbides and minimize local concentration gradients 
with respect to both molybdenum and carbon prior to joining 
the specimens. 

2. This modification eliminated any uncertainty as to the time 

and temperature at which diffusion started. 

3. The temperature of the furnace during the intial stages of 
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diffusion could be controlled more accurately, since it was not 
necessary to disturb the thermal equilibrium of the furnace by 
the introduction of a cold specimen. 


Preparation of Specimens—No great difficulty was encountered 
in applying this modified method. Particular care was necessary, 
however, in preparing the surfaces to be joined. To insure a flat 
surface, each specimen (34-inch diameter by 1% inch) was mounted 
in a split ring of hardened steel. The protruding end of the speci- 


Alundum Ti be 





Fig. 1—Arrangement for joining the Specimens in the Vacuum Furnace. 


men was then ground until flush with the split ring itself, and the 
surface given a metallographic polish. Extreme care was taken to 
keep this surface clean until the specimens were placed in the furnace. 

Apparatus—The arrangement for forcing the specimens together 
in the vacuum furnace was quite simple (see Fig. 1). Force was 
applied to the specimens by means of a steel yoke surrounding the 
furnace. 

The furnace was evacuated by means of a mechanical pump 
in conjunction with a glass-mercury diffusion pump. . The best 
vacuum obtainable was 0.5 micron (0.0005 millimeter) of mercury. 
With two exceptions, the vacuum was better than 3.0 microns at 
the start, and 1.0 micron at the end of all experiments described 
herein. In experiments 1 and 2, in which no diffusion pump was used, 
the pressure ranged from 100 to 150 microns. 

Temperature Control—By means of individually controlled 
shunts connected to the heating element of the furnace) the space 
occupied by the specimens could be kept uniform in temperature 
within +0.5 degree Fahr. Temperature variations with respect to 
time did not exceed +3 degrees Fahr. except during experiment 2, 
in which the temperature was at one time 5 degrees Fahr. from the 
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control point. The thermocouple used was calibrated by the UV. S. 
3ureau of Standards. 

A method will be described later by which the effective diffusion 
temperature can be found quite accurately as long as the time-tem- 
perature curve is known. 


Ex PERIMENTS 


Several experiments were performed to assure that continuity 
between the specimens was obtained by forcing them together at high 
temperatures in a vacuum. It was found that at any temperature 
between 1800 and 2200 degrees Fahr. (982 and 1204 degrees Cent.) 
a force of from 100 to 150 pounds maintained for a half hour 
resulted in perfect welding without significant distortion. Metallo- 
graphic examination of the cross-sections of these welds revealed 
that at 2200 degrees Fahr. (1204 degrees Cent.) prolonged heating 
prior to joining produced a weld marked by a string of very fine 
nonmetallics. It is suggested that this was due to the evaporation of 
iron and the consequent concentration of nonmetallic inclusions at 
the surfaces prior to joining. Subsequent determinations of diffusion 
coefficients, both in the presence and in the absence of such inclusions 
(experiments 2 and 3), indicated that they had a negligible effect on 
the final results. Prolonged heating prior to joining, however, was 
avoided when possible. At the lower temperatures or when the 
specimens were joined immediately after reaching the required tem- 
perature no inclusions could be found in the weld, except close to 
the surface of the specimen. These served to locate the original inter- 
face precisely. The necessity for locating this interface will be dis- 
cussed later. 


The procedure finally adopted consisted of the following steps: 


The prepared specimens were placed in the cold furnace about 
7's inch apart, and the furnace was evacuated. 

The furnace was heated on full power to the diffusion tem- 
perature, and the controllers were adjusted to give a uniform 
and constant temperature. 

The specimens were forced together, and the force was main- 
tained for a half hour. 

Frequent temperature readings were taken on the potenti- 
ometer connected to the standard couple, which was placed 
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opposite the weld after being shifted to check temperature 
uniformity. 

5. At the end of the desired time, the furnace was shut off and 
the specimen allowed to cool in the furnace. 

6. A secant plane about 4 inch wide was ground and polished 
on the side of the composite specimen, and the “weld” was ex- 
amined both before and after etching. 

7. Vickers hardness impressions were made on the polished plane 
in a line parallel to the axis of the specimens. 

8. The specimen was mounted in the collet of a lathe, and the 
position of the original interface and of the Vickers impres- 
sions was determined to within 0.005 millimeter by means of 
a travelling micrometer microscope mounted on the lathe 
carriage. 

9. After about 0.010 inch was removed from the diameter of 
the specimen, transverse cuts of about 0.010 inch each were 
made, care being taken to collect all of the chips. The cen- 
ter of each sample was located with respect to the original 
interface to within 0.005 millimeter, the Vickers impressions 
being used as reference points. 

10. The chips were analyzed for carbon by the combustion 
method. 


Table I gives the pertinent data describing the experiments. 
Experiment 1 was the only experiment in which plain carbon steels 
were used. It was performed with the object of determining whether 
or not the method adopted would yield diffusion coefficients in agree- 
ment with those already published. This experiment waS performed 
before the refinements in temperature control described above had 
been completed. The temperature given is within 10 degrees Fahr. 
of the true effective temperature. All other temperatures are effec- 
tive temperatures determined by a method to be described later. The 
time given represents that elapsed between the time when the speci- 
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Table II 
Analysis 
Heat No. cS Mo Si Mn 
A-1 0.05 0.04 0.07 0.14 
F-1 1.19 0.02 0.20 0.28 
A-4 0.05 0.80 0.07 0.11 
E-4 C.88 


0.79 0.18 0.28 
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Fig. 2—Concentration-Distance Curve for Experiment 1. 


mens were joined ‘and the instant the furnace was shut off. Experi- 
ments 2, 3, 4, and ‘5 were designed to measure the rate of diffusion 
of carbon in austenite containing 0.80 per cent molybdenum. Larger 
percentages of molybdenum and wider temperature ranges were not 
used because the iron-carbon-molybdenum equilibrium diagram has 
not been established so precisely as might be desired and it was there- 
fore advisable to select compositions and temperatures well within the 
boundaries of the pure gamma field. If the influence of molybde- 
num on hardenability originates in-its retardation of the rate of dif- 
fusion of carbon in austenite, then 0.80 per cent molybdenum is 
certainly sufficient to permit measurement of the extent of retardation. 

The composition of the steels is given in Table II. All the steels 
used were from 30-pound laboratory induction furnace heats, forged, 
hot-rolled, and normalized at 1800 degrees Fahr. (982 degrees Cent.). 


The heats were not aluminum-killed, and were low in sulphur and 
phosphorus. 
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DATA 


The concentration-distance (c-x curves) are shown in Figs, 2 to 
6. The diffusion coefficients, calculated by a method to be described 
later, are given in Table III. 


Table Ill 
Diffusion Coefficient for Carbon in Austenite (cm?/sec. « 10°) 
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Fig. 4—Concentration-Distance Curve for Experiment 3. 
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Fig. 5—Concentration-Distance Curve for Experiment 4. 
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Fig. 6—Concentration-Distance Curve for Experiment 5. 


ANALYSIS OF THE DATA 


Length Corrections—Since distances were measured at room 
temperature, a correction depending on the diffusion temperature 
is necessary. The corrections used are average values based on dila- 
tometric and X-ray data reported for pure iron (9) and on accurate 
dilatometric data obtained in this laboratory for a 0.79 per cent car- 
bon, 0.77 per cent molybdenum steel. The correction factors used 
in the diffusion experiments are given below. They are based on a 
value of 12.9 per degree Fahr. for the expansion coefficient of aus- 
tenite : 


Temperature, ° F. Length Correction Factor 


2200 1.020 
2000 1.017 
1800 1.015 
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Methods for Calculating Diffusion Coefficients—The conven- 
tional mathematical treatment of diffusion processes is analogous to 
that of heat flow by conduction. Thus, the temperature in the case 
of heat flow is analogous to the concentration of the diffusing sub- 
stance in the case of diffusion. Similarly, thermal diffusivity is 
analogous to the coefficient of diffusion. An exact treatment of the 
diffusion problem, however, would generally involve phenomena 
which have no analogue in the problem of heat flow. Thus, in the 
case of diffusion involving two substances, the existence of a concen- 
tration gradient for one of the substances usually necessitates the 
existence of a concentration gradient for the other. If, however, 
concentration is expressed in mass per unit volume or proportional 
units, as it must be to obtain the most convenient solution of the diffu- 
sion equation, it is easy to imagine an ideal case in which a concen- 
tration gradient exists for one of the substances but not for the 
other. It is this ideal case, therefore, which is postulated when the 
ordinary solutions for the heat flow equation are applied to the prob- 
lem of diffusion. 

For unidimensional flow in which D is assumed to be independent 
of c, the diffusion equation is 

a (1) 
ot Ox’ 
where x is distance, c is the concentration of the diffusing substance, 
D is the diffusion coefficient, and t is the time. The boundary condi- 
tions appropriate to the present problem and for which a solution 
is desired are 


c = ce when x < 0 (2) 
C > 
where c, and c, are constants representing the initial concentrations 
on each side of the interface. The classical solution for the problem is 
C1 + Ce 


2 


ence tta 3 


c-— 


(3) 


where 


x 
2 Dt 2 
(aver) “eEree dvw 
0 


which is the ordinary Gauss error function. 
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If this solution is used to evaluate D for various values of c 
from the c-x curves of the present and many other diffusion experi- 
ments, D will be found to vary considerably depending on the value 
of c chosen. This immediately invalidates the solution, since its 
derivation depended on D remaining constant. What is really 
needed, therefore, is a solution of the equation 


“8, ( : =) - 

ot Ox Ox 
which is suitable for the evaluation of a variable D. This has been 
emphasized repeatedly by Mehl (2), (10), who employed a simple 
graphical method for obtaining D as a function of c from this 
equation. The principles underlying this method were explained by 
30ltzmann in 1894 (11) and applied by Matano (12) to the analysis 
of the data of Grube and Jedele (13) on the diffusion of copper 
in nickel. This method, which is known as the ‘“‘Matano method”, 
has been used to evaluate D from the data of the present investiga- 
tion and will be described in detail later. 

Necessity for Locating the Original Interface—Since the results 

obtained by either method depend on the point on the sample from 
which distance is measured and since there appears to have been 


some confusion as to the proper selection of this point, the basis 
for this selection will be discussed here at some length. The authors 
are indebted to Professor R. V. Churchill* for the following dis- 
cussion. 


For the case of a constant D, it is obvious from equation 3 that 
when x is zero, c must equal % (c,-+c,). It can be seen that, if no 
change in shape occurs, the solution satisfies the necessary condition 
that the amount of diffusing substance leaving the sample of original 
concentration c, is equal to the amount entering the sample of original 
concentration c,. The fact that the two samples may not be sepa- 
rated by a physically detectable plane is of no consequence. This 
plane must lie at the point where c equals % (c,-+c,). If, within 
the experimental error of the length measurements, such is not 
the case, then the value of c, or c, must be in error. In some cases 
it may be possible to select values of c, and c¢, so that c equals % 
(c, + c¢,) at the original interface without exceeding the bounds of 
the experimental error involved in determining c, and c,. Such a 
procedure is certainly more valid than one of measuring distance 


* Department of Mathematics, University of Michigan. 
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from a point removed from the original interface by an amount ex- 
ceeding the experimental error of the distance measurements. 

In the case where D is assumed to vary with c (Matano 
method), the condition that the mass of diffusing substance leaving 
one sample equals the mass entering the other when no change in 
shape occurs can be expressed mathematically thus 


C; Ci 
Z — xdc = f xde (5) 
Ce C; 


where c is the final concentration at the original interface. This, of 
course could have been used in the case of a constant D also. If 
these integrals are evaluated (e.g., by measuring areas on the c-x 
graph) and are found to be unequal, then, as before, either c, or c, or 
the position of the original interface must be in error. Again, ‘since 
the measurements of distance are usually more precise than the 
measurements of concentration, it is more reasonable to adjust c, or c, 
without exceeding the experimental uncertainty than to measure 
distances from a point removed from the original interface by a dis- 
tance greater than the experimental error of measurement. It should 
be noted that the necessity for these quantities being equal is not 
dependent on the validity of the diffusion equation or its solution, 
nor is it dependent on the assumption that a ‘concentration gradient 
exists for only one of the substances involved. In general, however, 
the quantities will be equal only if concentration is expressed in mass 
per unit volume or proportional units and if there is no change in the 
shape of the specimen during diffusion. This is obvious from the 
fact that both members of equation 5 are proportional to the gain 
or loss of mass of the diffusing substance on either side of the 
original interface, only if the cross-sectional area is the same for 
all values of x and if concentration is expressed in mass per unit 
volume or proportional units. 

The fact that some plane other than the original interface can be 
found, on either side of which the areas defined by a curve repre- 
senting atom fractions are equal, does not necessarily mean that 
equal numbers of the two kinds of atoms have crossed this plane 
in opposite directions. The choice of such a plane as the origin for 
distance measurements seems unwarranted. 

Significance of Changes in Shape—The following discussion is 
presented for the purpose of pointing out that, if accurate data were 
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available concerning density and changes in the shape or length of 
the specimens, it would be possible to evaluate, at least approximately, 
the diffusion coefficients of both elements present. In the present 
case, changes in shape and length were small and the experimental 
procedure was not suitable for their accurate evaluation. It is prob- 
able that the rate of diffusion of iron in austenite is negligible com- 
pared to that of carbon. However, the iron-carbon system will be 
used as an example for the purpose of the present discussion. 

The assumption of no change in shape imposes some rather 
unlikely restrictions either on the manner in which the density 
changes with c or on the relationship between the rate of diffusion of 
the one substance with respect to that of the other. For example, 
consider a given cross-sectional element in the case of the diffusion 
occurring between cylindrical samples of a high and a low carbon 
steel. If this element originally had a concentration of carbon c,, 
a radius R,, a density d,, and a length dx., and finally had a concen- 
tration cr,a radius R;,a density dy anda length dx;, where c; > c, ; then 
R, would equal Ry and dx, would equal dx; only if dy were greater 
than d, or if the mass of iron which diffused out of the element 
were exactly equal to the mass of carbon which diffused in. The 
latter occurrence would be highly accidental and is therefore im- 
probable. 

Now, it has been shown by at least one investigator (14) that 
the lattice parameter of austenite increases sufficiently with carbon 
content to result'in a slight lowering of the density. Therefore dy 
will be smaller than d,. If R, — R; and dx, = dx;, the mass of 
iron diffusing out of the element must be related to the mass of the 
carbon diffusing in, in a manner entirely dependent on the relative 
values of d, and d;. This is highly improbable. We must conclude 
then that either R, == Ry or dx, += dx;. The most logical assumption 
to make is that R;/R, = dx;/dx,; that is, that expansion or con- 
traction takes place uniformly in all directions. Since c;¢ will vary 
with x, Ry and dx, will also vary with x, and there will be a change 
in shape and length. 

It is obvious from this that the system iron-carbon does not 
exactly correspond to the ideal type of system previously postulated 
in our analogy to heat flow. It is probable that the mass of iron 
diffusing out of the element mentioned is less than the mass of 
carbon diffusing in. Thus, a concentration (mass per unit volume) 
gradient will exist for iron whenever there exists one for carbon, 
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and it will be opposite in sign and less than that for carbon. 

Since these changes in shape and length depend on the rate of 
diffusion of iron as well as on the change of density with concentra- 
tion, it should be possible, when the latter is known, to deduce the 
diffusion coefficient for iron. The change in length could probably 
be more accurately determined experimentally than the change in 
shape. For instance, it could be determined by measuring the change 
occurring during diffusion in the distance between the original 
(visible) interface and reference points beyond the diffusion zone 
on each of the specimens. The final length of the low carbon 
specimen will be greater than the original, and that of the high 
carbon specimen, less than the original. This might be interpreted as 
a shift of the original interface, but the visible interface should be 
used as the origin for length measurements. However, as pointed 
out above, since R changes with x and c, the boundary conditions 
that the mass of one substance lost on one side of the origin 
is gained on the other can no longer be expressed by equation 5, but 
must be expressed by the equation 


C; Ci 
f — [ Rc) rate f [ R (c) ]* xde 
C2 C; 


where R is a function defined by the change of density with c. 

As in the case of no change of shape, the fulfillment of this con- 
dition can easily be tested by the graphical method. This would 
not be necessary, however, unless there were some uncertainty as to 
the values of c, or c,, or as to the position of the original interface. 

Whether or not the changes in shape and length are large 
enough to be measured will depend, of course, on the nature of the 
diffusing substances. 

There is no obvious reason for restricting these considerations 
to the interstitial type of diffusion. If the possibility of a change 
in shape is allowed, there is no reason to believe that the rate of 
diffusion of one of the elements is equal to the rate of diffusion of 
the other. 

Thus, if changes in shape and length and all previous informa- 
tion as to the relative diffusion rates of any two substances were 
completely ignored, it would be impossible to say whether the c-x 
curve obtained was characteristic entirely of the rate of diffusion 
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of one or of the other, or to what extent it was characteristic of 
each. 

It is not likely that this discussion will contribute practically 
to the accuracy.of diffusion data in the iron-carbon system, but it is 
believed to be justified as an attempt to clarify diffusion processes 
generally. 

Application of the Matano Method—The graphical method men- 
tioned above for the evaluation of D from equation 4 involves the 


assumption that c is a function of ae only. Boltzmann (11) 
t 


° ° ° ° ° x ° ° 
showed that, if D is a function of ——= only, c also is a function of 
Vt 
x 
—— only. This has been verified approximately for the copper- 
t 
aluminum (10) and copper-nickel (12) systems. Let A denote 


os 


*_, then for any given value of t, 
t 


OC 


Likewise 


ae. wmeeé 


The equation of diffusion therefore reduces to the ordinary differ- 


ential equation 


a's ) er” 
dA dA 2 dA 


de 1 


c 
Integration gives J oo +f Ade+K (x<0,c > c,.) 
A 
Cy 


On a given c-x curve t is fixed; therefore 


Cc c 
1 
Adc ——e xde 
Vt 
Ce Ce 
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a 


dx 


Similarly, forx > 0,c < «, 


dc 
D-— 


dx 


. de ' , 
Since = approaches zero as c approaches c, or c,, K and K’ must 
x 


be zero. 

It has already been shown that if c is expressed as mass per 
unit volume and if no change in shape has occurred, the areas on the 
c-x curve represented by these integrals must be equal when c is the 
final concentration at the original interface. Since the areas and 
slopes ( = ) represented by the equations above can easily be 

de : f 
determined graphically for any desired value of c, D can be de- 
termined for any value of ¢ simply by dividing the product of the 
areas and slopes by 2t. 

The experiments described here were not well suited to the 
accurate determination of shape or length changes, since force was 
used to insure initial contact between the specimens and some dis- 
tortion necessarily resulted. We have, therefore, no basis on which 
to modify the Matano method, as suggested by the discussion of den- 
sity changes, in order to determine to what extent the c-x curves 
might depend on the rate of diffusion of iron. It must be assumed, 
for the purpose of analyzing the data, that they depend entirely on 
the rate of diffusion of carbon. 

In view of this situation, it probably makes little differency 
whether concentration is expressed as atoms per unit volume or as 
atom-fractions; the latter has been used. In accordance with the 
above discussion, distances have been measured from the original 
interface. It was found that within the experimental error of the 
concentration measurements the areas defined by the c-x curve and 
the original interface were equal. This simply means that the com- 
bined effect of the change of density with concentration and of the 
diffusion of iron was probably small. It does not mean that the 
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number of iron atoms which crossed this interface was equal to the 
number of carbon atoms which crossed it, nor does it mean that no 
change in shape or length occurred during diffusion. Although it 
appears that in the case of carbon and iron no important error is in- 
troduced by ignoring the position of the original interface, it is highly 
probable that in many other systems an appreciable error would be 
introduced. This discussion, therefore, should be valuable primarily 
in work on other systems. 

In the application of the Matano method, areas were measured 
by planimeter, and slopes by means of a small mirror placed perpen- 
dicular to the curve so that the line appeared continuous. 

Determination of the Mean Effective Temperature—The tem- 
peratures given in Tables I and III are those which would have pro- 
duced the c-x curves obtained if the temperature had remained con- 
stant throughout the experiments, and were obtained by a method, 
the validity of which is proved below. This proof is strictly valid 
only if D does not vary with concentration. The proof was carried 
out by Professor R. V. Churchill, and it is with his generous per- 
mission that it is presented here. 


If the temperature, and therefore D, varies with time, equation 
1 becomes 


Oc o 


c 
—— av §(¢) 7.- > 
at (t) Ox? (t>0,—o<x< oo) 


where D = f(t), and our boundary conditions are as given by equa- 
tion 2. A new variable (t’) will be defined by 


t 
{(t)dt = dt’ or t’ = [ f (t)dt 
0 


1 ec Oc 


f(t) ct 2 
and the diffusion equation can be written 


= 2S 


ot’ Ox?” 
Our corresponding boundary conditions are c = c, when x > O and 


t’ = 0;c —c, when x < Oand t’ = 0. The solution of this prob- 
lem is known to be 
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Ci + Ca 
pak a 


ikem x 
$e C2 aa ? 2/t’ 


t 
where ¢ is the Gauss error function. Replacing t’ wf f(t) dt, 
0 





Ci + Ce 





c— 


2 hee -) 
i= Co (vz f(t)dt 


lf {5 {(t)dt is replaced by Dt, this is the same as the equation defin- 
ing the c-x curve obtained in time t with D constant. Therefore, 


t 
f(t)dt | : 
Jo £(t)dt must be the constant value of D which would have pro- 
t 
duced the c-x curve obtained when D varied with time. 
Since, in general, D = Ae—9/R8T — f(t), if Ae~2/®T were 


plotted as a function of t, the area under the curve would be 


t t 
f {(t)dt = af e —Q/RT(t) dt 
0 0 


where A and Q are constants, T is the absolute temperature, and R 
is the gas constant. (An approximate value of Q, based on esti- 
mated values of the effective temperature, was used.) But D, = 


Ae—Q/RTe, where D, and T, are the effective values desired. There- 
fore, 


t ‘ n 
—Q/RT(t) 
e —Q/RTe = eo tee ce 


t 


T. can be evaluated, since the numerator on the right is simply the 
area under the curve of e~2/8T plotted as a function of t. 


DISCUSSION OF RESULTS 


Fig. 7 shows the effect of temperature on the diffusion coeffi- 
cient of carbon in austenite containing 0.80 per cent molybdenum. 
The logarithm of D has been plotted against the reciprocal of the 
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Fig. 7—Effect of Temperature on the Diffusion Coeffi- 
cient of Carbon in Austenite Containing 0.80 Per Cent 
Molybdenum. 
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Fig. 8—Variation of A and Q with Carbon Con- 
centration, 


absolute temperature. The fact that the points for any given carbon 
concentration lie reasonably close to straight lines indicates that the 
equation D = Ae—9/RT is satisfied. Both A and Q were found to 
increase with carbon concentration. As shown by Fig. 8, the quan- 
tities themselves as well as their increase with carbon concentration 
are greater than those found by Wells and Mehl (2) for plain car- 
bon steels. In fact, Wells and Mehl found that, for plain carbon 
steels, Q was independent of carbon concentration. They also re- 
ported D values for carbon in steels containing nickel and manga- 
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nese, but for only one temperature (1000 degrees Cent.). The cor- 
responding values of A and Q cannot therefore be deduced. Little 
can be said as to the effect of nickel and manganese on the diffusion 
rates at other temperatures unless these quantities are known. For 
instance, the effect of these elements on the diffusion rate in the tem- 
perature range where austenite transforms to pearlite cannot as yet 
be predicted. 

In a steel containing approximately 0.80 per cent molybdenum 
and 0.85 per cent carbon, the maximum effect of molybdenum on 
the rate of transformation is observed at about 1050 degrees Fahr. 
(566 degrees Cent.) (15), at which temperature the time for com- 
plete transformation of austenite is some 28,000 times as great as 
that for a plain carbon steel. The curves of Fig. 8, however, indi- 
cate that at this temperature the rate of diffusion of carbon in plain 
carbon steel could be at the most only about five times as great as 
that in a steel containing 0.80 per cent molybdenum. It appears 
therefore that the effect of molybdenum on the rate of diffusion of 
carbon in austenite can account for only a small part of its effect on 
the rate of transformation of austenite. 

The curves of Fig. 8 also indicate that in the neighborhood of 


2000 degrees Fahr. (1093 degrees Cent.) and 0.70 per cent carbon, 
molybdenum has little effect on the rate of diffusion of carbon but 
that at high temperatures the rate is slightly accelerated. At low 
carbon concentrations the curves of Figs. 7 and 8 are less precise, 
but they indicate that the effect of molybdenum is small at all tem- 
peratures. 


The authors wish to acknowledge the valuable assistance rend- 
ered by Mr. R. H. Maurer, of the analytical laboratory of the Climax 
Molybdenum Company, in performing the numerous chemical analy- 
ses required by this investigation. 
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DISCUSSION 


Written Discussion: By Robert F. Mehl, director, Metals Research 
Laboratory, and head, department of metallurgy, Carnegie Institute of Tech- 
nology, Pittsburgh, Pa. 

This is the first determination of the effect of a strong carbide-forming 
alloying element on the rate of diffusion of carbon in austenite, and it is very 
welcome. Carbide-forming elements appear to be especially powerful in retard- 
ing the rate of formation of pearlite and in increasing the hardenability; an 
understanding of the basis for this effect is important, of the several factors 
leading to this result, surely the effect of the alloying element on the rate of 
diffusion of carbon is one. But to evaluate any factor with certainty in this 
field requires highly accurate work; there has been far too little precision 
measurement in the metallurgical field generally. The care shown by these 
authors can call only for commendation. 

The results are more than a little interesting. We badly need information 
on the energetics of alloyed austenites: Diffusion measurements such as these 
furnish such information from the point of view of the physics of lattices; with 
these data, and data now being procured by Dr. J. C. Warner of the Depart- 
ment of Chemistry, Carnegie Institute of Technology, on the influence of alloy- 
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ing elements upon the activity of carbon in austenite, the problem is finally 
being attacked properly. 

With these new results now available, questions of interpretation arise, 
and I wish I could encourage the authors to desert for a moment their very 
commendable conservatism and to speculate a bit. Speculation is a powerful 
tool if used with judgment and with a full appreciation of the failings of the 
mind. I certainly do not agree with that prominent metallurgical friend of 
mine who decries theorizing, holding that science advances only by the accumu- 
lation of data. To theorize, to test, to prove, this is the manner in which sci- 
ence advances. It is by the spur of the stabbing thought that the worker en- 
ergizes himself to work. 

So the questions arise: Why does molybdenum increase D of carbon in 
austenite at high temperatures and decrease it at low. For this I do not see 
any likely answer—do the authors? The effect of molybdenum on Q and on A 
seems more rational, for if we assume that molybdenum tends to fix carbon 
in the austenite lattice, creating a sort of complex, which may only mean that 
the time of residence of a carbon atom near a molybdenum atom is greater 
than when near an iron atom—not an unlikely assumption in view of the strong 
carbide-forming tendency of molybdenum, we would expect the action constant 
A to be greater, and owing to the interaction energy between molybdenum and 
C, we might expect the activation energy Q also to be greater. Yet on this 
basis, why is not D decreased by molybdenum at all temperatures? 

I am not inclined to believe that any simple relationship between the de- 
crease in D at low temperatures below that for simple-carbon steels on the 
one hand, and the effect of molybdenum on the rate of formation of pearlite 
on the other, can be set up. Diffusion coefficients are but one of the factors 
determining the rate of formation of pearlite; I have discussed this compli- 
cated ‘problem in connecticn with the paper by Messrs. Bowman, Parke, and 
Herzig. But even if we were to assume the simplest circumstance, namely, 
that alterations in D aione affect the rate of nucleation, N, and the rate of 
growth, G, it is very unlikely that a linear relationship should obtain between 
D, and N or G. At the moment, the relationship between G alone and D in 
simple-carbon steels is unknown; it has not yet been possible to set up the dif- 
ferential equation for this moving boundary problem. 


Oral Discussion 


J. O. Lorp:’ I do not know, in the light of what Dr. Mehl has just said, 
that my discussion here would have much further meaning, but the point was 
made in the paper that was read by Mr. Blanchard that the increase in molyb- 
denum decreased the diffusion rate to about one-fifth of that in carbon steels 
whereas the reaction time was multiplied by some 28,000. Not being much of a 
mathematician I dislike to estimate how much that change in diffusion rate 
would decrease the rate of growth of a particle, but I should think it would 
be in the nature of several hundred times. I am theorizing in a field in which 
I have no business but if that is the case with a single particle, certainly there 
would be a profound effect when all the other incidental considerations such as 


1Associate professor, department of metallurgy, Ohio State University, Columbus. 
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nucleation and the distance traveled by the carbon are taken into account. That 
is the point I tried to make. 

W. R. Ham: As you probably well know, I am not a metallurgist but 
there are some recent developments in gaseous diffusion through alloys that 
should be of interest to metallurgists. 

Year before last and for some time previously we were investigating the 
transitions in alloys of iron-nickel and cobalt-iron. We were particularly inter- 
ested in the Curie transition of the alloy. In investigating such transitions, I 
want to point out again certain advantages of using hydrogen diffusion. 

Hydrogen diffusion methods enable one to go as slowly as necessary and 
transitions that take a day to take place are no more difficult to follow than one 
that takes a few minutes, and can be followed with extreme accuracy. 

We have had no difficulty whatever in correlating transitions as measured 
by magnetic means with a transition as shown by hydrogen diffusion but when 
we took—note this—an alloy of iron and nickel, say 50-50 alloy, in addition to 
finding a Curie-transformation at whatever it may be, 500 degrees Cent. 
we will say, we always find a second transition at 769 and a third at 360. 
Again investigating a cobalt-nickel, we find transition at 1113 degrees Cent. 
(2035 degrees Fahr.) and a transition at 360 degrees Cent. (680 degrees Fahr.) 
in addition to the regular Curie appropriate to the composition. 

Such results lead to the conclusion that the physicist’s picture of ferro- 
magnetism is in error, or that there exists in most carefully homogenized alloys 
segregations that surprise most metallurgists. My opinion is that at the pres- 
ent moment those segregations do not exist and that the transition that is asso- 
ciated with the Curie transformation fundamentally takes place in a shell so 
well shielded that a transition still takes place even when iron; atoms are well 
surrounded by nickel atoms. 

I gave a paper at the recent meeting at Penn State of the Physical Chemical 
Society dealing with such transitions, but I don’t feel any great certainty as to 
which explanation is the correct one; although I was using alloys that were well 
prepared and were supposedly well homogenized. They were very thin speci- 
mens, 60 to 80 mils, and oftentimes hydrogen passed through them for two or 
three weeks at 1000 degrees Cent., and if one can’t homogenize in that 
length of time under such conditions, it is difficult to see how one can hope to 
obtain a truly homogenized specimen. 


Authors’ Reply 


Dr. Mehl’s question as to why molybdenum affects the rate of diffusion of 
carbon in the manner shown is a natural one. A typical but not very satisfy- 
ing explanation of the acceleration brought about by molybdenum at the high 
temperatures would be that molybdenum causes some sort of “loosening of 
the lattice.” 

Although we certainly cannot state the fundamental mechanism by which 
molybdenum affects the rate of diffusion of carbon, we can perhaps point out 
some facts which may make its behavior appear more reasonable. It is known 





*Head of physics department, Pennsylvania State College, State College, Pa. 
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that the substitution of nickel or manganese atoms for iron atoms -in the face- 
centered iron lattice results in a slight increase in the rate of diffusion of 
carbon. It is reasonable to expect that the substitution of molybdenum atoms 
would have a similar effect. In addition to this, there must be in the case of 
molybdenum some other factor tending to retard the rate of diffusion of carbon 
at all temperatures, a factor strong enough at low temperatures to reverse the 
effect but not strong enough to do so at high temperatures. This other factor 
may be a temperature-sensitive chemical bonding of carbon to molybdenum 
which is not appreciable in the case of elements such as nickel and manganese. 

If carbon and molybdenum are bonded in this manner, there is some ques- 
tion as to whether, over wide ranges of temperature, the equation D = Ae®™ 
will accurately describe the rate of diffusion of carbon in austenite containing 
molybdenum. Thus there is a possibility that extrapolation to subcritical tem- 
peratures is misleading and that the rate of diffusion of carbon plays a more 
important role during the transformation of austenite than present data indicate. 

We do not think the effect of molybdenum can be explained by anything so 
simple as the change in the lattice parameter of austenite brought about by 
molybdenum. It may be tied up with the number of free electrons present, which 
we are not prepared to discuss. 

Dr. Mehl also mentioned the relationship of the rate of diffusion of carbon 
to the rate at which austenite decomposes. As we pointed out, it does not seem 
likely that changing the rate of diffusion of carbon by a factor of one-fifth 
would be sufficient to account for the change which molybdenum produces in 
the rate at which austenite decomposes. We have come to think more and 
more that the rate of this decomposition depends on the rate of. diffusion of 
molybdenum as well as on that of carbon. In order to treat the problem in a 
more quantitative manner, we need to know more about the boundary condi- 
tions and the distances involved in these diffusion processes. We think that 
the distances associated with the diffusion of carbon are related to the inter- 
lamellar spacing of the pearlite being formed. In the case of molybdenum, as 
in the case of carbon, we need to know more about the concentration gradients 
and the relationship between the direction of diffusion and the orientation of the 
pearlite being formed. 

We wish to thank Dr. Mehl for his stimulating discussion. 

Professor Lord’s remarks are greatly appreciated. He points out that 
perhaps changing the diffusion coefficient by a factor of one-fifth is sufficient 
to cause quite a large change in the time for complete transformation of aus- 
tenite. If some assumptions can be made including grain boundary nucleation, 
perhaps the equation by Dr. Mehl for rate of growth of pearlite and the cor- 
responding set of curves can be used to give some idea of how much a given 
change in the growth factor would change the over-all time for complete trans- 
formation. The growth factor, at least in the earlier theory, was considerc: 
proportional to diffusion coefficient and inversely proportional to the inter- 
lamellar spacing. 

It does not appear from this equation of Dr. Mehl’s that changing the dif- 
fusion rate by a factor of one-fifth would change the total reaction time as 
much as 28,000 times. Of course, that equation also includes nucleation rates. 
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However, as we understood the equation and the curves, a small change in the 
rate of nucleation is not likely to cause a tremendous change in over-all time 
of the reaction. 

It is probably true, as Professor Lord says, that this change in the rate of 
diffusion, when accompanied by changes in the distances travelled by the car- 
bon and in the rate of nucleation and perhaps by other unsuspected changes 
brought about by molybdenum, would have a profound effect on the rate of 
decomposition of austenite. 

We were pleased to have Dr. W. R. Ham contribute to this discussion. It 
seems to us that the method of gaseous diffusion could be used a lot more than 
it is in this type of work. The rate of diffusion of hydrogen is so sensitive as 
to pick out the slightest change in the nature of a metal or alloy. Thus, Dr. 
Ham was able to show that during the heating or cooling of certain carefully 
homogenized solid solutions, magnetic changes occur at exactly the same tem- 
peratures as they occur in the pure metals which make up these solutions. This 
certainly comes as a surprise to many metallurgists. 





THE END-QUENCH TEST: HARDENABILITY OF 
AIRCRAFT STEELS AND ITS REPRESENTATION 


By Morse HItu 


Abstract 


Variations in hardenability within single heats, single 
types and among the aircraft steels have been studied. 
Variations are found to be considerable, being greater in 
the lower alloyed steels. It has been found that the 
hardenability curve can be represented by three straight 
lines, which may be numerically presented with a great 
gain in compactness and simplicity when large numbers 
of steels are to be compared. 


N preparation for the wide use of new steels in aircraft, it was 
desired to investigate the hardenability of the steels which had 
proven satisfactory. The end-quench test (1), (2)* seemed to be 
the most satisfactory tool for doing this. Using the standardized 
method of making this test (screwed-in pin specimen), the following 
variations of hardenability were investigated. 
A. Within a single heat of steel, 
B. Within a single type of steel, 
C. Within the aircraft steels, 
D. With changes in heat treatment. 
The number of different steels examined was not sufficient to deter- 
mine the last three variations rigidly but some ranges have been 
outlined. 

The steels used consisted of several heats of aircraft quality 
steels of the compositions shown in Table II. The S.A.E. 4130, 4140 
and 4340 steels were generally obtained within the last two or three 
years from two sources. The other steels were drawn from Army 
Air Forces stock and therefore were of unknown origin. Generaily 
the examinations made in the course of an associated investigation 
have indicated that they are comparable to more recently made steels 
except that the amount of residuals may be lower. Therefore, ex- 

*The figures appearing in parentheses refer to the bibliography appen@ed to this paper. 


A paper presented before the Twenty-fourth Annual Convention of the Soci- 
ety held in Cleveland, October 12 to 16, 1942. The author, Morse Hill, is assist- 
ant metallurgist, Materiel Center, Army Air Forces, Wright Field, Dayton, 
Ohio. Manuscript received July 17, 1942. 
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cept as a considerable number of heats were examined, the harden- 
abilities hereafter presented should be considered as typical rather 
than definitive of what should be expected. 

As the results of the tests were recorded it became apparent 
that a simple tabulation of values was unnecessarily elaborate and 
difficult to handle. Therefore a plot of the values was resorted to. 
On this the hardness is plotted against the distance from the quenched 
end at which it occurs. Equally divided scales have been used with 
such divisions that it is difficult to read the curve to less than 1 point 
Rockwell “C” or 35 inch. These divisions were selected because 
the reproducibility from specimen to specimen of the hardness values 
when the hardness was changing slowly was about 1 point Rockwell 
“C”, The distance division was selected because the size of the 
hardness indentation when the Rockwell type of instrument is used 
precludes the possibility of more accurately locating the hardness 
in the more rapidly changing portions of the curve. This is apparent 
when it is realized that at Rockwell “C” 32 the width of impression 
is 0.0003 inch and the curve of a 1045 steel may drop 10 points in + 
inch (0.0625 inch). 

These considerations were also partially responsible for the 
choice of equally divided co-ordinates. It was felt that to extend 
the hard portion of the curve added nothing to the accuracy of the 
test, and created a false impression of precision, just as does empty 
magnification in a photomicrograph. Also unequally divided scales 
are generally difficult to interpolate or to compare if the chart size 
differs. In view of the results of other work pursued at the same 
time as this investigation it was not considered wise to rigidly tie the 
plot to any parameter of the cooling curve. Furthermore the use of 
hardenability curves is a separate problem which cannot as yet be 
simplified to a point where only one chart can be used. 

Two hardenability curves, even when represented on evenly 
divided co-ordinates, are difficult to compare when the scales are 
different. However, by conventionalizing these curves and repre- 
senting them by a series of numbers corresponding to characteristics 
of straight lines which typify the curves, it is possible to compare 
curves which were initially drawn on very different scales. Further, 
it is much more convenient to compare large numbers of curves. 
This is possible because in all cases three or less straight lines can 
be drawn which will everywhere be within 3 points of the experi- 
mental hardenability curve. In this representation, the hardenability 
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curve is considered as composed of three parts. Each of these is 
represented by a straight line, as in Fig. 1. Each of these lines may 
be described by two numbers. These numbers may be either two 
points on the line or a point on the line and a function of its slope. 
Thus, the portion of the curve at the high hardness end may be 
represented by the numbers 61 and 52, which are the zero distance 
intercept and the intercept at ; of an inch from the hardened end 
of the line, superimposed on the first portion of the curve. The 
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Fig. 1—Representation of the Hardenability Curve by Three Straight 
Lines. 


second portion of the curve, which is more steeply sloped, may be 
represented by the numbers 40 and 74. Of these, the first is the 
intersection of the superimposed line at ;9; inch from the quenched 
end. The second is the slope of the superimposed line expressed 
as decrease in hardness for 10/16 distance. The third portion of 
the curve may be represented by the numbers 19 and 8, of which the 
first is the intersection at ;; of an inch from the quenched end and 
the second is the intersection at 40/16 inch from the quenched end 
of the superimposed line. For the determination of these lines when 
the hardenability curve is available, it is sufficiently accurate to rule 
the lines in by eye with the aid of a transparent straight edge. If 
care is taken and a sharply pointed pencil is used, the curve will be 
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' represented to within not more than 3 points Rockwell “C” or +; 

inch. Generally, over the bulk of the curve the variation will be 
less than half a point. In Table I, the results obtained in this work 
and many of the values found in scattered literature have been col- 
lected. To reduce the bulk of the data, only representative tests . 
have been presented. Only in this way can so large a body of data 
be compared by one who does not have an excellent photographic 
memory. 

With a little practice, it is not necessary to redraw the curves 
for it is possible to interpret the numbers directly. Thus the first 
pair of numbers indicates the maximum hardness which will be 
developed. The numbers representing the second portion of the 
curve show the depth to which the high hardness extends and the 
rapidity with which the hardness falls off. Thus the amount which 
the first of the numbers is above the second of the numbers repre- 
senting the first portion of the curve indicates the extent to which 
the high hardness extends beyond ;*; inch from the quenched end. 
If the first of the numbers is below the second of the numbers of 
the first portion, then it is the hardness at 3° inch from the quenched 
end. The second number representing the second portion is greater 
as the rapidity with which the hardness drop is greater. The differ- 
ence between the numbers representing the third portion of the 
curve is greater as this portion departs from the horizontal. The 
second number of the third portion quite closely represents the 
lowest hardness which was obtained. The use of the ;%;-inch distance 
is arbitrary although selected because most of the steels studied in 
this investigation harden more deeply than this. It might be more 
significant to use the distance at which the inflection point of the 
hardness curve occurs as the reference distance, indicating it by a 
seventh number. 

This representation was not necessary in establishing the varia- 
tion of hardenability within a heat of steel which had been rolled to 
1%-inch bars. 

Variation in hardenability was checked in two ways; first a 
large number of specimens were run from one heat of steel, which 
was rather shallow hardening. Specimens were cut from several 
bars and all treated alike. Virtually no difference in hardenability 
was noted from one bar to the next. Secondly, check specimens 
from different portions of large (for aircraft) forgings were ex- 
amined. Check specimens showed essentially the same hardenability 
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although the curves were not as smooth as those determined with 
specimens from small bars. 

These results seem to indicate that each heat of steel has a 
definite hardenability under definite conditions of heating. How- 
ever, there is another factor which was not apparent under the 
conditions of these tests. This is segregation. This exists in various 
and unpredictable degrees but tends to become more important as 
the size of the part to be made approaches the ingot size. It is also 
more pronounced with some steels than with others. It may be a 
cause of noncorrespondence between the hardenability shown by an 
end-quench specimen and that shown by a part in process. Methods 
appropriate for dealing with the individual case must be developed 
for making suitable allowance for segregation. 

Since the effect of variations in thermal history is most notice- 
able among different specimens of a single heat, they may now be 
considered. In testing it soon became apparent that some heats 
respond differently to such variations than others. Many heats 
seemed to have their hardenability fully developed by heating for 
1 hour at any temperature above the critical. Thus Heat No. 51086 
showed exactly the same hardness curve when quenched from 1525, 
1600 and 1700 degrees Fahr. (830, 870 and 925 degrees Cent.) as 
when normalized and quenched from 1600 degrees Fahr. (870 de- 
grees Cent.). On the other hand, many heats showed a rather low 
hardenability at 1525 degrees Fahr. (830 degrees Cent.), as com- 
pared with the hardenability at 1600 degrees Fahr. (870 degrees 
Cent.). Some of these steels showed a further increase at 1700 de- 
grees Fahr. (925 degrees Cent.), or on normalizing. (It may be 
stated that the temperatures generally used for the most of the speci- 
mens were those recommended in the Army-Navy Specification 
AN-QQ-H-201). 

This behavior has also been noted by Williams (3) who attrib- 
uted it to initial nonhomogeneity. To check this possibility all of the 
specimens were examined microscopically to discover carbides, band- 
ing or other inhomogeneities. When etched with alkaline sodium 
picrate, none of the specimens showed undissolved carbides when 
examined at 2000 diameters. There may have been compositional 
inhomogeneities which some type of quantitative measurement would 
have detected but none were observable in the great bulk of the speci- 
mens on nonquantitative study. In the case of the 3140 steel what 
appeared to be undissolved ferrite was observed. It was a 3150 
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Fig. 2—Hardenability of Single Heats of Various Aircraft Steels. 
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Fig. 3—Hardenability of Typical Heats of S.A.E. 4130 and 4340 Steels. 


steel which Williams found to be highly responsive to thermal history. 
As a result of these studies on the variation of hardenability 
within a heat of steel it appears that each stecl has a definite harden- 
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Fig. 4—Hardenability of Typical Heats of S.A.E. 4140 Steel. 
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Fig. 5—Hardenability of Various Carburizing Aircraft Steels. 


ability but that the conditions of testing may not be such as to 
develop this to a maximum. Further, the specimens must be so 
selected as to truly represent the piece from which they are cut. In 
view of these conditions it seems desirable to run at least two speci- 
mens and preferable to run a third at a different temperature. Should 
the third differ from the other two, further study would be indicated. 
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For the study of the variations within a type of steel, a number 
of heats each of 4130, X-4130, 4140, 4340, 1045 and 6135 were used. 
Typical hardness curves are shown in Figs. 2 to 5 and the whole 
number of heats is summarized in Table II. These show that as the 
amount of alloy decreases the variability within the specified limits 
of chemical composition increases. This occurs as though the varia- 
tions in alloy content within a type are all about the same. Secondly 
it will be noted that the maximum hardness attained correlates rather 
well with the carbon content although in only a few cases is the 
hardness predicted for 100 per cent martensite by the curve shown 
by Grossmann (4) as a maximum possible attained. 

A study of this record of variability indicates that, with the 
exception of the 4340 heats, these steels which are regarded as excel- 
lent for heat treating purposes are quite variable in hardenability 
The changes over the past few years in aircraft practice have been 
made partially in recognition of this, in that many parts which would 
harden satisfactorily with some heats of 1045 were later made of 
alloy steel to avoid the possibility that other heats of 1045 would not 
harden. Similarly $.A.E. X-4130 which was a high alloy composi- 
tion of S.A.E. 4130 is now the standard composition. In the case 
of 4340 probably the second and third portions of the curve, if they 
were measurable, would also show considerable variation. 

The hardenability of most of the other types of aircraft steels 
was determined. These may be considered as carburizing and struc- 
tural classes. As presented in Fig. 5 the carburizing class was tested 
after three heat treatments. One set of specimens was quenched 
from a temperature suitable to harden the core, a second set was 
quenched from a temperature suitable to harden the case and finally 
the first set was requenched from a temperature suitable to harden 
the case. After all three end-quenching operations the case and core 
hardness was determined. With the exception of the S.A.E. 1020 
steel, the steels were so deep hardening that no special type of speci- 
men was considered. In most cases the double quench produced 
little change in the core hardness. The problem of grain refinement 
did not enter for these, as was the case with all the other, steels, were 
fine grained. Table II shows the grain sizes of the steels tested. 

The hardenabilities of the structural steels are depicted graph- 
ically in Figs. 2 to 4. At this time perhaps the most ‘significant 
feature of this figure is the overlapping of the various steels. Of 
course, it must be realized that each curve is but representative of a 
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rather wide range of expectancy, and that had different heats been 
used the overlapping might not be so striking. The hardnesses were 
determined at a depth of 0.040 inch as this was necessary to avoid 
the decarburization present in some of the original stock. As has 
been shown elsewhere, this does not affect the hardness values 
obtained. 

In a very qualitative manner it has been observed that the com- 
position and the hardenability are related. A relation which has 
been cited (5) as useful is that of the Bethlehem Steel Company in 
which the effects of the different elements are considered as additive. 
This leads to the factors such as are shown in Table II. These factors 
are not supposed to be useful except for comparison within a type 
of steel and even there the correspondence is not always good as 
witness the two heats of 1045 whose hardenability curves show the 
reverse of the factors. This is also shown by tests of other heats of 
X-4130. 

Another approach is to associate different portions of the hard- 
enability curve with the different alloying elements. Thus an asso- 
ciation of carbon with the general level especially of the first portion 
of the hardenability curve and the ferrite forming elements with the 
third portion of the curve and the carbide forming elements with the 
second portion of the curve might be attempted. Howevet, so many 
considerations are involved that it is only when an extremely large 
number of results on many compositions becomes available that it 
will be possible to make the statistical analysis necessary. 

However, this has been done for at least one point on the hard- 
ness curve by the work of Grossmann (6). 

Grossmann has taken the effect of the alloying element to be 
factorial in modifying the basic hardenability of the iron-carbon 
alloys. The quantity taken as hardenability is related to the half time 
necessary to produce the hardness at the inflection point of the hard- 
enability curve. When the difficulty of determining the critical 
hardness is considered, together with the errors introduced by the 
manipulation and the necessity of estimating carbide solution, the 
agreement of calculated and experimental results is rather good. 
This hardenability has been calculated for those heats for which a 
sufficiently complete analysis was available and this is presented in 
Table IT. 

In all these studies the hardness has been taken as a parameter 
oi the microstructure. Elsewhere it has been shown that the thermal 
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history conforms to the predictions of the cooling “S” curve. It 
therefore may be expected that the microstructures will follow an 
orderly pattern. To perceive this pattern all of the specimens studied 
in this investigation were examined microscopically. 

This examination was greatly facilitated by electrolytic polish- 
ing. Since the method used represents a variation in technique from 
those previously used and is most convenient for all sizes of speci- 
mens, it may be described at length. 

Prior to polishing, specimens were run down on successively 
fine sand belts and polishing papers to a 3/0 finish. The specimens 
were polished on disks of the papers which were mounted on a 
vertical wheel. Attachment of the papers to the wheel with rubber 
cement made replacement easy. It was observed that as soon as a 
paper was worn, excessive heating was likely to take place. The 
solution was 765 cubic centimeters of acetic anhydride and 185 cubic 
centimeters of 70 per cent perchloric acid with 50 cubic centimeters of 
water added. As has been noted much heat is evolved in the first 
part of the addition of the acetic anhydride to the perchloric acid 
and in the addition of the water, but this may be minimized by hav- 
ing vigorous stirring in the vessel in which the addition is made. 
1500 cubic centimeters of the electrolyte will polish 40 specimens. 
The recommendations of Mehl as to current were followed, a total 
current of 3.6 amperes being striven for. However, it was found 
that after the initial drop in current while an orange layer was form- 
ing, the current might be permitted to vary, the potential being kept 
constant, without affecting the results. At first stirring by bubbling 
air through the solution was used but this produced such obnoxious 
fumes than an air-driven stirrer was used. The quality of polish is 
little affected by the degree of agitation as long as the stirring is 
noticeable but not violent. It was found that a strong flow of city 
water (60 degrees Fahr.) around the beaker in which the polishing 
was done and the use of about 1500 cubic centimeters of solution 
afforded sufficient control of temperature and that the temperature 
was not critical. 

The procession of structures normally found in these bars is 
much as described by Hill in discussion of the Thonipson ond Siebert 
paper (7). While the full procession of structures is observed in 
the 1045 steels others, as 4340, may show only the martensitic stage. 
There are two parallel processions of structures in which one is more 
usual, and the other shows the structures modified by molybdenum. 
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The carburized specimens were examined but since the amount of 
carbon was unknown discussion of them is not profitable. However, 
no unusual structures or variations were observed. 

From the study of the microstructures it appears that there are 
essentially the same structures possible in all the steels examined but 
that they are produced as a result of different cooling curves. The 
microstructures must, of course, be related to the cooling “S” curve 
and therefore in some steels Bainite is found in the normal proces- 
sion of structures, while in others it is skipped. 

From these observations, it appears that the microstructures 
found are much like those found in quenched parts. 
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DISCUSSION 


Written Discussion: By M. J. R. Morris, chief metallurgical engineer, 
Republic Steel Corporation, Central Alloy District, Massillon, O. 

The author’s ingenious method for approximating the Jominy hardenability 
curves by a series of straight lines is unquestionably well adapted for emphasiz- 
ing certain characteristic features of these curves and thus facilitating their 
comparison, despite the fact that the method appears somewhat cumbersome 
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and abstract. The total number of the co-ordinates required for orienting such 
lines is but slightly less than the number of hardness readings sufficient for 
precise definition of the whole hardenability curve, and these co-ordinates can- 
not be readily interpreted in terms of hardness values attainable in the center 
of quenched rounds of conventional sizes. 

When the hardenability of a large number of specimens is to be compared, 
the use of tabulated data may prove to be advantageous because it lends itself 
more readily to the statistical treatment through computation of the average 
hardenability for each narrow range in composition. The divergence among 
the Jominy curves for heats of apparently identical analysis has never been 
sufficiently explained and, as a matter of fact, is commonly overlooked by the 
investigators dealing with this subject. Yet, as amply illustrated by harden- 
ability curves for different types of steel reproduced by the author in Figs. 
2 to 5, this deviation often reaches considerable proportions. For this reason, 
a comparison between two curves may lead to an erroneous conclusion unless 
one of them is known to be representative of the type of steel involved. 

To indicate some of the possibilities offered by the statistical analysis of 
these data, the average hardenability was computed for six X-4130 heats shown 
in Fig. 3. This is arranged in column A of Table A, while in column B is 
tabulated the average hardenability of thirteen other heats of similar analysis 


Distance 


from r—Average—, —Harrdeenability Limits -—_-_——___ 
Quenched Hardenability Extreme Middle 80 Per Cent 
End, Inches A B A B A B 


51.4 50.6 50-54 48-53 50-5 3; 49-52 
49.9 49 5 48-53 47-52 49-51 48-51 
47.3 48.5 44-52 46-51 45-49 47-50 
44.1 45.7 38-50 44-50 40-48 44-48 
40.7 41.7 34—48 38-49 36-45 39-48 
37.6 37.9 30—46 33-45 34-41 34-42 
36.3 35.2 31-44 31--39 34-37 33-38 
33.3 33.7 29-41 31-37 31-35 32-36 
30.8 31.0 27-38 29-33 28-33 30-32 
29.2 30.1 26-36 28-32 27-31 29-32 
27.7 29.3 26-30 28-31 27-29 28-30 
27.8 28.0 25-34 26-31 25-29 27-29 
eves 27.2 nee 26-30 ee 26-28 
26.6 26.9 24--32 25-30 24-28 26--28 
25.7 25.5 22-31 24-29 23-28 24-28 
24.4 24.4 19-32 23-27 22-26 23-26 
23.5 23.6 16-32 21-27 21-25 21-26 
eee 22.9 eee 20-27 ace 20-26 
22.0 22.2 11-31 19-27 20-25 19-26 


Average Composition 


ec Mn P S Si Cr Ni Mo | 
Group A 0.318 0.55 0.015 0.016 0.21 0.88 0.17 0.22 Six heats 
Group B 0.303 0.53 0.016 0.019 0.22 0.98 0.17 0.22 Thirteen heats 


taken at random. As shown in the same table, the average composition of both 
groups was nearly alike. Although the hardenability curves of the heats com- 
prising each group were quite divergent, their averages show a surprisingly 
good agreement. This is in spite of the fact that the number of heats used in 
each group was rather small. With more data available a better agreement 
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could be expected, and it would be also possible to ascertain the effect of varia- 
tion in the concentration of alloying elements. The extent of divergence of the 
hardenability data is indicated in the next two columns, where the maximum 
and minimum hardness readings corresponding to each distance from the 
quenched end are recorded. To avoid extreme variations which could be intro- 
duced occasionally through irregularities in sampling or testing technique, it 
may be desirable to determine the hardenability limits for the middle 80 per 
cent of the total number of tests by omitting 10 per cent of the extreme values 
from each end. The latter limits are shown in the last- two columns and 
appear to be practically the same for both groups. 

Written Discussion: By Arthur E. Focke, research metallurgist, Diamond 
Chain & Manufacturing Co., Indianapolis. 

This paper is intensely interesting to all of us who are attempting to find 
out what “hardenability” means to us. More than ever before, we are indebted 
to those who have taken the time in this strenuous period to prepare technical 
papers. 

In our laboratory we realized quite early that it would be desirable to 
simplify the results obtained on the end-quench test into a form more suit- 
able for comparison and particularly for inclusion on our acceptance test card 
records in which space was limited. For this, we developed the practice of 
recording the hardness intercepts from the end-quench curves at vs, %, %, 
1%, 1, and 2 inches from the water quenched end; the critical hardness and 
the D;: value for this hardness obtained from the charts and data of Gross- 
mann. Table B records the notations as they would appear in our record for sev- 
eral of the steels for which the author gives the end-quench curves in Figs. 
2 and 3 and and analyses and other pertinent data, including his representation 
of the hardenability curves in Table II. 





Table B 
Type -————Rockwell “‘C’”’ Hardness at————_, Critical 
Curve Steel te” iy” %” 14” 7” Hardness Di 
H 1045 56 52 31 24 18 12 41 1.47 
P X4130 42 41 35 26 21 13 36 1.86 
F 6135 54 54 54 38 33 21 41 2.60 
C 3250 60 59 58 55 42 33 48 4.00 
? 4340 55 54 54 53 52 48 44 6.80 
Q 4340 56 56 56 56 55 54 44 > 7.00 











To us, it seems that a mental picture of the end-quench hardenability 
curve can be formed much more readily from this simple numerical progres- 
sion than by the author’s method and enough points are presented to permit 
one to reproduce a reasonably accurate curve if the hardness at an intermediate 
distance is required. This is shown in Fig. A in which the curves were drawn 
free hand through the crosses representing the values from Table B, while the 
circles, added later, were as nearly as possible the points shown in Figs. 2 
and 3. 

The choice of the geometric ratio for the distance intercepts is somewhat 
arbitrary but it is justified in part by the shape of the cooling rate—distance 
from water quench end curve of the standard Jominy end-quench test piece. 

The D; value not only gives us a single number for quickly comparing dif- 
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Fig. A—Curves Drawn Through Crosses Representing Data in Table B. Circles 
are Points from Figs. 2 and 3. 


ferent steels but also permits us to anticipate how these steels will behave 
when made up into our parts. By reversing this procedure and using a stand- 
ard sample, such as the Green and Post Conical test piece, made from a steel 
with a known and suitable Dr value, it is possible, by using the Grossmann 
Charts and Tables, to obtain a measure of the severity of the quench (H). 
With this, we have found that the H values of the quench on our various 
pieces of heat treating equipment vary considerably and this must be considered 
when we are using one of the low alloy NE steels on which the nominal hard- 
enability is not greatly in excess of the minimum required. 


Oral Discussion 


S. F. Ursan:* There is one thing which has not been mentioned about this 
end-quench test. If you have a real good jig and you are positively sure that 
you have a sixteenth inch of an increment, every time, that is very nice. We 
have found, however, that due to backlash of threads and so forth, you don’t 
always have that. It is very convenient to check some of these so-called six- 
teenth of an inch increments and we have found in some cases that we get 
accumulated errors, say, of ¢xth for each indentation. It is very helpful to 
take pieces every now and then, measure them under binoculars at X 30, using 
a steel scale calibrated in hundredths of an inch, and actually measure the dis- 
tances from the quenched end. Thus, if you take the actual distances measured 
and compare them with hardness, you can separate two steels that have a small 
difference in hardenability. 

I would like to hear from the audience if anybody else has run into that 
little difficulty. 

There is one question just occurred to me that I would like to have the 
author comment upon. In his paper he mentioned that some steels quenched 


1Metallurgist, South Works, Carnegie-Illinois Steel Corp., Chicago. 
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from 1550 degrees Fahr. (845 degrees Cent.) have a given hardenability, which 
is a little higher from 1600 degrees Fahr. (870 degrees Cent.) and from 1700 
degrees Fahr. (925 degrees Cent.) it is still higher in hardenability, whereas, 
other steels are insensitive as far as temperatures are concerned. Might not 
those differences be gotten at if the grain sizes were checked at those temper- 
atures? 

H. B. Knowtton:’ On this matter of how close you can take the reading, 
we do not see anything wrong with taking a cylindrically ground specimen and 
taking readings in the helix around the specimen. We can take them at incre- 
ments of ¢ith of the end and with any good jig, I think we can index that 
accurately to the 64ths. 

There is one question I would like to ask the authors. They referred to 
Grossmann, Urban and associate’s data on calculated hardenability. I wonder 
if any of these that come reasonably close have fallen without a calculated 
maximum and minimum hardenability that would be computed for that type 
of steel. I think there is one point that has been very much overlooked, for the 
most part lately; the data published have been mostly single heat values or at 
most a mean of several heats. 

About a year ago I called Dr. Grossmann on the phone and asked him 
his opinion on a certain steel which was rather new, on which we had had 
experience with about 60 heats and thought we knew the range of hardenability. 
He called me back in five minutes and said I was wrong on the maximum. I 
was right on the minimum and fairly correct on the mean, but I was way low 
on the maximum. This has since been proved correct. In 60 heats we had not 
happened to hit the combination that would give maximum hardenability. Now 
we are confronted today with a set of NE steel of which we have used a 
very tiny amount, a new set of NE steel that we have not used at all, and the 
statement from Mr. French last night that the situation is not static and maybe 
tomorrow we will have another set. I do not believe we are concerned so much 
with mean as we are concerned with whether a new steel will stay all the time 
above the minimum hardenability necessary to do the job and below a maxi- 
mum hardenability that gets us into trouble. Although Grossmann’s method 
gives only one point on the Jominy curve (the distance from the quenched end 
to the point representing critical hardness) we believe that Grossmann’s 
method of calculating hardenability offers a better criterion for judging maxima 
and minima than any combination of test results that we can accumulate in a 
short time. 

I would like to know what the author’s experience on that has been. 

D. Ros—enNTHAL:* I would like to ask the author whether he had discovered 
any effects of prior heat treatment on the Jominy hardenability. 

ArTHUR E. Focxe: It may be out of order for me to comment at this point 
but I believe that it is important when one is preparing hardenability data for 
general applications to follow the standard practice specified by both the 
A.S.T.M. and the S.A.E., that is, to normalize beiore heating the test bars for 


2Metallurgist, Gas Power Engineering Dept., International Harvester Co., Chicago. 


%Assistant professor of metallurgy, Massachusetts Institute of Technology, Cam- 
bridge, Mass. 
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the end-quench treatment. But in our laboratory, in many cases, we are con- 
cerned with predicting how a particular lot of steel will act when it is run 
through our standard processes and for this, we insist that the pretreatment and 
actual hardening procedures followed on the hardenability test must be exactly 
the same as those which the parts made from this lot of steel will receive in 
production. 


Author’s Reply 


The author of this paper appreciates the discussion and the interest which 
has been shown in this paper. Particularly interesting was Mr. M. J. R. Morris’ 
confirmation of the range of hardenabilities which may be expected in a single 
type analysis. His opinion that a comparison between curves based on one 
analysis may be erroneous is concurred in, but often only such fragmentary data 
is available. It is to be hoped that with the increasing use of hardenability 
information a more precise understanding of the hardenability limits necessary 
for trouble free production will be gained. 

Replying to Mr. Focke’s written discussion, what method of representation 
is chosen depends on the manner in which a worker is accustomed to think. 
Numerous satisfactory systems may be devised. That presented in this paper 
was intended to show the trends of hardenability curves. To one practiced in 
using the system of this paper its representation seems to tell more about the 
nature of the curve than do Mr.-Focke’s figures. There is however no ques- 
tion of the desirability of including information on the critical hardness and Dy. 
This in itself almost describes the curve with the assistance of Dr. Grossmann’s 
charts. | 

Dr. Urban has mentioned the difficulty which led to the use of notches in 
the spacing jig in this work. Once the notches are properly spaced, as may 
easily be done on a good lathe the only remaining difficulty is the setting of the 
initial impression. It is most desirable to check this either with binoculars and 
scale or with a Brinell microscope. 

In reply to Dr. Urban’s second question on grain size, may I say that the 
grain size was checked on the martensitic end of each specimen using Vilella’s 
martensitic reagent. In many cases this was checked by deeply cutting the 
specimen with a wheel about 0.25 inch from the quenched end and snapping 
off the piece in a press so as to show the fracture grain size. Agreement ‘was 
very good. 

Some of the increase in hardenability with increasing temperature may have 
been due to production of a more homogeneous austenite, carbide solution or 
a number of other things but it will ccur at constant grain size. 

Mr. Knowlton is most fortunate in having facilities for cylindrical grinding 
available. With the ordinary machined specimens supported in a 120-degree 
V-block we have never been able to obtain readings which agree precisely with 
those taken on flats. 

We have not had the opportunity of checking heats other than those indi- 
cated in this paper. Within those heats we have checked, it seems that the 
variations may be about as Mr. Knowlton has indicated. The thing which was 








922 TRANSACTIONS OF THE A. S. M. December 


so very striking was that in checking these heats of 4130 and 4340 the 
variation was decidedly greater than we had been suspected before actual meas- 
urements were made. Further, those steels were more or less well established 
steels and considered to be quite reproducible in heat treatment; so after seeing 
how wide those variations could be, we were not as much disturbed by the 
possible variations in the NE steels. 

Replying to Professor Rosenthal, the hardness at any point, as pointed 
out in the previous paper, “The End-Quench Test—Reproducibility” is a func- 
tion of the entire thermal history. Thus a normalized specimen will in many 
cases have a higher hardenability which has not been normalized, but rather 
made from the stock as received. Many other cases were encountered which 
indicate that the whole thermal history prior to testing does have an influence 
on hardenability, greater in some heats than in others. 

While the effect of prior heat treatment cannot be too strongly emphasized 
there are conditions of prior heating, such as carburizing which may make 
steels rather insensitive to heating during testing. 








THE END-QUENCH TEST: REPRODUCIBILITY 
By Morse HI tt 


Abstract 


The end-quench method of hardenability testing has 
been examined for sensitivity to variable conditions by use 
of cooling rates and hardness determinations. Cooling 
curves at various points are presented and show trans- 
formations predictable from the S-curve. The only testing 
condition which must be rigorously controlled 1s that there 
be no scale on the quenched end of the specimen. Other 
testing conditions may vary within a fairly wide range. 


ITHIN the past few years it has become fully understood 

that the microstructures, chemical composition and the ther- 
mal history of steel are so interrelated that two of these serve to fix 
the third and hence the mechanical properties. Since the selection of 
composition is much influenced by nonmetallurgical factors, it be- 
comes desirable to determine what thermal histories are necessary 
to produce the microstructures desired in selected compositions. In 
items such as aircraft or automotive parts, the most influential period 
of thermal history for fixing microstructure is that just prior to use. 
This may be subdivided into three periods, heating, cooling and re- 
heating. 

This paper concerns itself with an investigation of the end- 
quench method which evaluates the effect of heating and rapid cool- 
ing in producing the microstructure after cooling. It is but one of 
several possible methods, all of which lead to the expression of the 
hardenability of a steel as a function of the thermal history neces- 
sary to produce a selected microstructure. Various parameters are 
used to express the thermal history in cooling, such as the cooling 
rate at a given temperature, the time to cool to one-half the original 
temperature or the time to cool from one temperature to another. 
Another class of parameters is derived from the location of selected 
microstructures on specimens which show a range of cooling rates. 
Each of these in a single composition is assumed to result from a 


A paper presented before the Twenty-fourth Annual Convention of the Soci- 
ety held in Cleveland, October 12 to 16, 1942. The author, Morse Hill, is as- 
sistant metallurgist, Materiel Center, Army Air Forces, Wright Field, Dayton, 
Ohio. Manuscript received July 17, 1942. 
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distinctive heating period and cooling curve and is often located 
by hardness measurements. 

The method of hardenability testing used has recently been 
formalized by the Society of Automotive Engineers, Inc. (1), (2)*. 
The details may be summarized here, since much of this paper is 
concerned with an investigation of the effects of variations in the 
details. The test specimen is a 1l-inch cylinder which is hung so that 
a water jet from a %%-inch orifice % inch below the end plays 
on the bottom only. A jet with a free height of 2% inches ac- 
complishes this. The quenching water at 75 degrees Fahr. (24 de- 
grees Cent.), + 5 degrees Fahr., should flow for at least 10 minutes 
while the sides and top of the specimen cool in still air. 

Prior to quenching, the specimen should have been normalized, 
heated to the proper hardening temperature in 30 to 40 minutes, 
and held for 20 minutes in a nonscaling atmosphere. A record of the 
heating as indicated by a thermocouple near the specimen should 
be kept. 

The hardnesses thus produced are measured by Rockwell “C” 
readings spaced at ;;-inch intervals on one of two opposing longi- 
tudinal flats ground 0.015 inch below the surface. A chart, based on 
a semilogarithmic plot of hardness against cooling rate at 1300 de- 
grees Fahr. (705 degrees Cent.), is recommended. The hardenability 
may be designated as the distance from the quenched end over which 
the hardness exceeds that corresponding to a suitable structure. 

In general, the work done in this investigation emphasizes the 
necessity of these requirements, although some of them seem to be of 
questionable value. The object of these requirements is to reproduce 
exactly identical cooling curves at identical locations. For this reason 
it is important that these cooling curves be measured. This has been 
done previously, but neither method nor complete curves have been 
reported. Therefore a description of the method and apparatus may 
be in order. 

Cooling curves were obtained by welding the elements of a 22- 
gage chromel-alumel couple to the specimen so that the circuit was 
completed through the specimen and a high speed recorder. Speci- 
mens were end-quenched in the standard manner with the couple ele- 
ments attached at different locations at the bottom of a 45-inch 
hole 0.040 inch deep. The couple elements were used several times but 


*The figures appearing in parentheses refer to the bibliography appended to this paper. 
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frequent checking showed that up to the twentieth time of use there 
was no deterioration of the couple. 

Several methods were tried for attaching the couples but without 
much success. Finally an adaptation of the General Motors’ method 
of welding by condenser discharge was successfully used. The wire 
to be welded and the specimen were connected to the terminals of an 
electrolytic condenser (400 mfd) which was then charged from a 
90-volt D. C. source (other voltages and capacities can be used). 
The lead from the condenser was attached to the wire as close to 
the welding end as possible and quickly thrust into position through 
one of the two holes in a 35-inch porcelain insulator. A weld was con- 
sidered to be satisfactory if the wire would carry the weight of the 
specimen when picked up suddenly. 

Time-temperature curves were recorded by an improved Speed- 
omax instrument whose responsivity is described by the manu factur- 
ers as follows: ““The amount by which the deflection of the recorder 
pen will lag behind the true millivoltage of a thermocouple, which is 
changed in temperature rapidly, will depend, of course, upon the speed 
of response of the recorder and the rapidity with which the tempera- 
ture, and thus the millivoltage of the thermocouple, is changing. The 
speed of response of the recorder to an instantaneous full scale 
change in millivoltage is approximately 1 second. For smaller than 
full scale changes the response time varies approximately propor- 
tional to square root of the fraction that the change is of full scale. 
Therefore, the time required for the recorder to reach a balance after 
the 1300 degrees Fahr. (1500 to 200 degrees Fahr.) change should 
be approximately 0.85 second, since the change in temperature takes 
place in such a short time (% second) that it may be considered to 
take place instantaneously. 

“Where the change in temperature, and therefore millivoltage of 
the thermocouple, takes place at a slow enough rate to allow time for 
the recorder pen to accelerate and attain a “steady state” velocity 
corresponding to the rate of change of the temperature, then the pen 
will lag the true temperature approximately 0.3 second. That is, 
the pen will be recording the temperature that existed approximately 
0.3 second earlier. For a rate of change of 600 degrees Fahr. (335 
degrees Cent.), per second, this would mean a temperature error 
due to lag of approximately 180 degrees Fahr. (100 degrees Cent.), 
or 10 per cent of full scale. For slower time rates of temperature 
change, this error is proportionately reduced. For example, for a 
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Fig. 1—Cooling Curve of a Bead as Determined by an Improved Speedo- 
max Instrument and by an Oscillograph. 


rate of 100 degrees Fahr. (55.5 degrees Cent.), per second, the error 
in reading would be approximately 30 degrees Fahr., or approximately 
2 per cent of full scale. 

“The above discussion assumes that the temperature is changing 
at a constant rate. The lagging error during periods of acceleration 
and on retardation for the recorder pen, or during periods when the 
rate of change in temperature is changing, are too involved to discuss 
here.” 

Since this statement left some doubt as to the response at the 
rates encountered in this investigation, the recorder was checked by 
the use of an oscillograph as has been previously described (3). 
Since the resistance of the galvanometer was low (16 ohms), it was 
necessary to calibrate the galvanometer at a low cooling rate and to 
make sure that the temperature distribution over the lengths of 
Speedomax and oscillograph couples were the same. As shown 
by Fig. 1, the Speedomax was found to be reliable on cooling curves 
having maximum rates at 400 degrees Fahr. (222 degrees Cent.) per 
second. This probably is a much greater speed than the instruments 
used in previous investigations of end-quenched bars. 
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The cooling rates at the different temperatures may be measured 
by any of several procedures. 

The rates were measured in this work on curves drawn on stand- 
ard Leeds and Northrup recorder papers 200 to 2000 degrees Fahr. 
(95 to 1095 degrees Cent.), with chart speeds of 8 inches per minute 
and 16 inches per hour. Cooling rates were obtained by finding by 
eye the tangent to the curve at any temperature and measuring with 
a universal drafting machine the angle which the tangent made with 
the temperature axis. A series of 30 measurements of the same 
angle showed that the location of the tangent and its angle could be de- 
termined with standard deviation of 13 minutes at 18 angular degrees. 
This corresponds to an uncertainty of 2 degrees per second at 70 
degrees Fahr. per second or 40 degrees Fahr. per second at 400 
degrees Fahr. per second. The reliability of the cooling rate meas- 
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urements may be appreciated by examination of Fig. 2, which shows 
the variations of the separate determinations. 

The following formula was used for the conversion of angle to 
cooling rate. 


Cooling rate — Cot. B X in. sec X degrees Fahr. per inch 
B= Angle tangent makes with time axis. 


Below some cooling rates determined by this method are com- 
pared with those determined by the method used by Jominy (4) 


which was the determination of the number of degrees cooled in | 
second : 





Cooling rate by tangent 340 125 54 


All at 1300 degrees Fahr. (705 degrees Cent.) 
Cooling rate by degrees Fahr. per second Traversed 29 105 55 
Distance from quenched end IZ ts 74 


In the case of the more rapid cooling rates the intersections with the 
cooling curves of the 1l-second limiting lines are difficult to deter- 
mine more closely than 15 degrees Fahr. 

It may be suspected that the cooling rate might be confused by 
cooling due to the couple wires acting as fins and increasing the effec- 
tive heat transfer surface of the junction. That this did not happen 
is shown by the fact that the same cooling rates were found both 
when the couple ends were 0.040 inch below the surface and the leads 
were introduced from the inside and from the outside. 

These cooling curves are assumed to be identical at any location 
for any one type of steel and to be comparable in some respects for all 
classes of low alloy structural steel. Furthermore the curves are 
assumed to be independent of composition at temperatures in the 
austenitic range, since there are no heat effects due to transformation 
and the thermal diffusivities of all such steels are substantially the 
same. 

The effect of variables in the test procedure was determined 
using a single heat of S.A.E. 4130 steel. While the shape of the 
specimen has been fixed, it is variously proposed to support it by a 
lip at the top, an adapter ring and a screwed-in pin. Cooling curves 
taken on all three forms, % inch and 1 inch from the quenched ends, 
were alike and further, the hardnesses at comparable locations were 
the same. As far as the results of the test are concerned there is no 
difference between the types. However, the screwed-in pin specimens 
were the easiest to fabricate. 


The same procedure of comparing cooling curves and hardnesses 
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served to establish the effects of other variables. Thus specimens with 
a rough machined surface and with a smooth surface showed identical 
values so surface was concluded to be without effect. 

As might be inferred from this result, scaling was found to have 
little effect on the air cooling of the specimen. The effect of slowing 
the cooling rate and lowering the hardness produced was difficult to 
detect, since it was hidden by the water cooling over half the length 
of the bar and neither cooling curve nor hardness variation is rapid 
enough to show the effect of minor variations. At the water-quenched 
end of the specimen, however, the effect of scale is most marked. 
This action is noticeable wherever its condition is such that capillary 
creep of water between it and the specimen is possible, for water 
thus applied quenches the specimen above the end. Generally such 
an effect can be detected by a loud hissing as the water is turned on, 
which persists more than a couple of seconds and by the presence of 
water up the sides of the specimen. This difficulty may be eliminated 
by heating the specimen in a nonscaling atmosphere, such as is pro- 
vided by cast iron chips above and below the specimen. Dry nitro- 
gen is also effective but difficult to apply to a pot furnace. 

Another variable in the quenching procedure is the water used, 
which may vary in composition and temperature. French has shown 
that in ordinary quenching, hard water behaves differently from dis- 
tilled water. Therefore, identical specimens were quenched with 
distilled water, with city water having a hardness of 434 ppm, and 
with the same water in a dirty condition. No difference was found 
in cooling or hardness curves which could be positively attributed to 
the type of water, even though the hard water left a definite deposit 
on the specimen end. Apparently this indicated that the velocity of 
the water across the end of the specimen is so great that the material 
in the water does not remain long enough to affect heat transfer. Of 
course, the end is not hot enough to evaporate much water for longer 
than % minute. This rapidity of flow is probably the reason why 
the water temperature has so little effect. Indeed, tests were run with 
the water at various temperatures in the range of 65 to 110 degrees 
Fahr. (18 to 45 degrees Cent.) with very little difference in either 
the hardness or the cooling curve, although there was a slight 
tendency toward slower cooling, and lower hardness at the tempera- 
tures above 90 degrees Fahr. (30 degrees Cent.). There was not 
conclusive evidence that the softening was due to water temperature. 

The amount of flow necessary to maintain an adequate velocity 
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across the end of the specimen is not critical, When the free jet 
height is as small as 1%4 inches, the cooling is somewhat sensitive to 
water condition and the quench may not be as severe as with the 
standard height. With a free height of more than 3 inches, difficulty 
is experienced with swaying of the specimen and other mechanical 
effects. In all cases the water should be applied suddenly to assure 
reproducibility. 

The timing of the test may become important. Depending on 
the rapidity with which the operator moves, the specimen may cool 
from 10 to 100 degrees while it is being transferred to the quenching 
holder. With care, the time of transfer can be made rather constant 
at about 2% seconds, during which the specimen will cool about 
15 degrees Fahr. 

The air surrounding the specimen may be expected to affect that 
part of it which cools mostly by radiation and convection. The radia- 
tion will not be interfered with by the temperature or velocity of the 
air but the convection and conduction will be. Several check tests 
showed that the hardness and cooling rates were not affected by an 
air velocity which could just be felt as a breeze, but that higher 
velocities caused difficulty which increased as the velocity increased. 

It will be seen from the above that scaling is the only variable 
whose control requires especial care. The next problem which arises 
is that of determining the effect of the thermal history. While it is 
possible to study the microstructure directly this is an arduous process 
whose results cannot be conveniently reported. Therefore it is 
customary to evaluate the microstructure in terms of its hardness. 
To obtain accurate hardness values, it is important that the spacing 
of the indentations and the support of the specimen be excellent. The 
importance of the former mzy be realized by considering such curves 
as those for an S.A.E. 1050 steel in which the hardness may change 
as much as 15 points Rockwell “C” in ;& inch in conjunction with 
the fact that at a hardness of 32 the impression is 0.003 inch in 
diameter. The importance of the latter may be seen by comparing 
the hardnesses measured with two supports, a good and a bad one 
(Table I). Also this is seen by noting the manner in which the 
specimen tips the more usual supports when hardnesses are taken at 
the end. 

The support used is shown in Fig. 3. The knurled nut provides 
positive means for assuring that the ground supporting face within 
it is in good contact with the pedestal and that the jig does not rock. 
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Fig. 3—Jig for Supporting Specimens for Hardness Tests. 


The specimen is held in position on the ground supporting face by the 
sliding jaws which, catching in the notches, assure positioning to with- 
in 0.001 inch. With this support operators who are unfamiliar with 
these specimens can reproduce results as shown in Table I. Seating 
of the specimen is facilitated by leaving it magnetized as it comes 
from the grinder chuck. 

To check the effect of variation in the depth of grinding, two 
specimens were cross sectioned at several places and hardness tra- 
verses made. The values are shown in Table I. These indicate 
that at the air-cooled end, especially the hardnesses near the center 
are below those at the surface. To further check the effect of the 
depth at which hardnesses were measured, nine specimens from three 
heats of S.A.E. 4130 steel, having widely varying hardenabilities, 
were tested at depths of 0.015 and 0.040 inch below the surface. 
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Although the checks were made on opposite sides of the specimens, 
nearly perfect (plus or minus 34 points Rockwell “C”) agreement 
was found between the two depths. 

Thus, it is evident that, in any one steel, it is possible to very 
accurately obtain a curve of hardness vs. distance from the quenched 
end, in which the hardness will accurately represent microstructures 
produced by reproducible thermal histories. 

Since the ultimate object of making such a test is a more in- 
formed selection of steel and heat treatments, it is essential that 
the cooling of the hardenability bars of different steels be comparable. 
To determine if this was the case, cooling curves were determined on 
specimens of S.A.E. 1050, 4130 and 4340 steels. It was found that 
the cooling curves displayed certain similarities which make com- 
parison possible but there were certain differences which made a 
knowledge of the type of “S” curve of the steel desirable. As 
noted above, most of the curves were taken 0.040 inch below the 
surface of the specimen. The curves were identical whether the 
couple was located by boring through the specimen or by boring 
in from the nearest surface. The couple was introduced from the 
surface in most cases, as this was more convenient. The curves in 
Figs. 4 and 5 have several interesting characteristics: 

A. At all locations in the specimen there is a rapid drop in 
temperature as the specimen is withdrawn from the fufnace and 
carried to the quenching jig. This drop is more rapid than the subse- 
quent air cooling so it may represent the attainment of a steady state 
of radiation. 

B. Careful comparison of curves by superimposition of 
diagrams shows that above the transformation the shape of the 
curve in steady state cooling is apparently independent of the initial 
temperature. Thus at a location where transformation occurs at 500 
degrees Fahr. (260 degrees Cent.), the cooling curves of specimens 
heated at 1500 and at 1700 degrees Fahr. (815 and 925 degrees 
Cent.) are identical in the range 1300 to 900 degrees Fahr. (705 
to 480 degrees Cent.), and probably over a wider range. The time 
to reach a steady state is, however, a function of the initial tempera- 
ture being longer the higher the temperature. 

C. The cooling curves agree very well with the predictions 
of the “S” curve as corrected for cooling. To illustrate this, ad- 
vantage has been taken of the preceding characteristic to plot the 
cooling curves at a number of locations on the same chart with “S” 
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curves for cooling using the same ordinates for the temperatures at 
which transformations are predicted as for the cooling curves. The 
method of constructing those ‘‘S” curves is that outlined by Grange 
and Kiefer. However, since the shape of the cooling curves is 
different from those used by them, the diagram is based on 
those shown in Fig. 4. This caused a slight error in the case of the 
1050 steel. Nevertheless it is interesting to note that in spite of the 
difference in composition of the 1050 steel, the cooling curve shows 
transformation where it would be predicted. In the case of the 4130 
and 4340 steels no sharp break would be expected since the change is 
incomplete and would take place over a wide range of temperature. 

D. Sometimes there are irregularities in transformation as may 
be noted in the 1050 curve for 34 inch from the quenched end. 
These have been observed by others but not investigated sufficiently 
to explain the cause. 
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E. Although cooling curves of regions where there was a trans- 
formation to martensite have been made repeatedly no positively 
identifiable arrest has been noted. There are, however, differences ip 
shape between the cooling curves for steels such as 4340 and 4130 at 
the lower temperature. 

This information shows that the same location in specimens of 
different composition does not necessarily follow the same cooling 
curve but that similar steels do. It appears to be desirable that any 
attempt to use these results should make allowance for this in 
selecting a parameter for the cooling curve. With this precaution 
the test may be considered as reproducible from steel to steel. 

Two parameters which have been widely used are the time to 
cool to one-half the original temperature and the cooling rate at 1300 
degrees Fahr. (705 degrees Cent.). In Fig. 6 the values for the 
half time are compared with those developed by Asimow, Craig 
and Grossmann (6). It will be noted that the agreement is 
reasonably good although shorter times are indicated by the data of 
these experiments. The most probable cause of this is a difference 
in the initial part of the cooling curve for as has been noticed in 
considering the shape of the cooling curves the very beginning of 
cooling due to quenching is difficult to reproduce. Furthermore the 
calculated values were based on an assumption that Newton’s law of 
cooling governed. This is not rigidly true. 

In the case of the other parameter, the cooling rate at 1300 
degrees Fahr. (705 degrees Cent.), the data of this investigation may 
be compared with the curve of Boegehold. The agreement is 
excellent in the lower cooling ranges but in the more rapid ranges 
the agreement is not as good. The method of plotting probably had 
little theoretical significance for the cooling of the bar is described 
by a rather complicated expression in which the bar length is not 
factorial. The discrepancy between the two sets of results requires 
explanation, since the work was done with utmost care in both 
cases. Most of the measurements in the more rapid region were 
made by Boegehold and Jominy (7) with a Speedomax whose 
response was less than half as rapid as that used in this work. This 
should have caused little difficulty except at rates above 100 degrees 
Fahr. (55 degrees Cent.) per second. In both cases it may be assumed 
that the temperature of a location within the bar was measured. This 
was demonstrated by the identity of cooling curves with the couple 
introduced through the body of the specimen or from the surface. An- 
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other explanation is that since different steels were used in the 
two studies and different initial temperatures were used, the cooling 
curves must have been different. This is partially substantiated by 
the author’s work on different steels. Another possibility is that 
the measurement of the cooling curves was in error. For, as shown 
earlier, the method used in this paper tended to give higher values 
and is believed to have fewer sources of error than that used by 
Jominy. 


ACKNOWLEDGMENT 


The author wishes to express his sincere apprecation to Mr. 
R. R. Kennedy and Mr. J. B. Johnson for their kindly guidance of 
this work; to Major D. M. Warner for assistance in developing the 
hardness measuring jig, and to 2nd Lieutenant A. C. Willis for 
assistance in many details, particularly the measurement of the cool- 
ing rate angles. 


Bibliography 


1. “Method of Determining Hardenability,” Society of Automotive Engineers, 
Inc., 1942 Handbook, p. 315. 

2. American Society for Testing Materials—Tentative Specification A255-42T. 

3. Hill and Bowman, Discussion of paper of Austin, Allen and) Van Note, 
“Application of Oscillograph to Determination of Cooling Rate of 
Quenched Steels,” Transactions, American Society for Metals, Vol. 
30, 1942, p. 773. 

4. W. E. Jominy, “Hardenability Test for Shallow Hardening Steels,” 

TRANSACTIONS, American Society for Metals, Vol. 27, 1939, p. 1072. 

R. A. Grange and J. M. Kiefer, “Transformation of Austenite on Contin- 
uous Cooling and its Relation to Transformation at Constant Temper- 
— TRANSACTIONS, American Society for Metals, Vol. 29, 1941, 
p. 85. 

6. Asimow, Craig and Grossmann, “Correlation Between Jominy Test and 
Quenched Round Bars,” Preprint of Society of Automotive Engineers, 
January 1941. 

7. A. L. Boegehold, “Use of Hardenability Test for Selection and Specification 
of Automotive Steels,” Preprint of Society of Automotive Engineers, 
January 1941. 


un 





DISCUSSION 


Written Discussion: By J. L. Waisman, metallurgist, The American Car 
and Foundry Co., Berwick, Pa. 

The author has presented new evidence on the reproducibility of the end- 
quench test using considerable variation of test conditions. His cooling curves 
make a valuable addition to existing data. 

The author’s conclusions on effects of variation in grinding depth, water 
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temperature, and jet height are corroborated by similar tests conducted by the 
writer. 

In another paper presented by the author at this convention, the effect of 
segregation on the end-quench results is briefly mentioned. Has the author 
noticed any hardenability curve differences between longitudinal and transverse 
specimens in rolled plates or forgings? 

We have found that for rolled plates, the location of ground flats on 
the end-quench specimen has a decided effect on hardness readings. For exam- 





ple, typical end-quench specimens from a medium alloy steel show a variation 
of 3.5 points Rockwell “C” at 0.75 inch from the hard end, depending on the 
location of the flat. We therefore select a location near the core of the original 
plate to ensure reproducibility and comparative results. Has the materials 
laboratory had any similar experiences? 

Mr. Hitt: Subsequent to submitting this paper I checked the harden- 
ability on a series of rounds of 1, 2, 3, 4, and so on, to 6 inches in diameter. 
In the 3, 4 and 6 inch sizes I took hardenability specimens from the center half 
way to the outside and from the outside three specimens. In each case there 
was a decided difference between the hardenability curves obtained, not only 
from one specimen to the other, but even from one side of one specimen to the 
next. 

In the A130 steel that was used for this there was a very small difference 
and yet it was enough to be decided. Probably segregation can be quite a fac- 
tor and therefore in using an end-quench test this should be borne in mind in 
interpreting the results. 

Written Discussion: By M. J. R. Morris, chief metallurgical engineer, 
Republic Steel Corp., Central Alloy District, Massillon, Ohio. 

Since distribution of hardness along an end-quenched specimen depends 
largely upon the cooling rates prevailing at different distances from the 
quenched end, determination of cooling curves under different conditions of 
testing appears to be a step in the right direction. Once such curves are known, 
the structure and approximate hardness corresponding to various intensities of 
quenching could be estimated provided the S-curves are available for each par- 
ticular steel tested. 
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Unfortunately, the cooling rates do not represent an all-deciding factor. 
Considerable variation in hardenability is often encountered even among steels 
of apparently identical composition, quenched at similar rates. Such variations 
are partly inherent in the steel, and partly are due to accumulation of minor 
experimental errors occurring at nearly every individual step involved in the 
testing. The latter factor is particularly evident when the hardenability of a 
uniform lot of steel is determined by different laboratories, when considerable 
discrepancy may be obtained in spite of all precautions taken to observe the 
standard recommended practice. The causes of such discrepancies are difficult 
to eliminate unless a painstaking comparison is made of every single operation 
carried out at each laboratory. In this respect the author appears to be under- 
stating the actual state of affairs by asserting that scaling is the only variable 
whose control requires especial care. By far a greater potential source of 
error, and one that is less susceptible to standardization, is the question of 
grinding the quenched specimens preparatory to hardness ‘exploration. In case 
of steels which “burn” readily under a drastic grinding action, the hardness 
of the ground surface can be lowered by as much as 10 Rockwell C points 
without noticeably overheating the specimen by improper grinding. Fairly 
consistent results are obtained when the specimens are prepared on wet surface 
grinder; but if the grinding is to be done without the benefit of a coolant, the 
operators must be carefully instructed as to the rate and depth of cut permis- 
sible for each pass. 
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Fig. B—Effect of Temperature of the Quenching Medium 
Upon Jominy Hardenability of S.A.E. 3125 as Determined with 
0.25-Inch Specimens. Each Curve Represents Average of 5 Tests. 


To evaluate minor factors affecting the hardenability, it may be desirable 
to treat under identical conditions a number of Jominy specimens. By com- 
puting and plotting the mean values for each group it is oftentimes possible 
to reveal a trend which otherwise would be obscured by slight experimental 
errors. Thus, the controversial question of the effect of temperature of the 
quenching medium was cleared in our laboratory by employing groups of five 
).25-inch round specimens of S.A.E. 3125, which were end-quenched in a water 
jet at 45, 80 and 115 degrees Fahr. respectively (Fig. B). Although the re- 
sults obtained for individual specimens appeared at first indifferent, a slight 
but definite trend was revealed on plotting the mean values computed for each 


group. 
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Mr. Hitt: Mr. Morris has pointed out the necessity for careful control of 
the grinding operation. There can be no question that such control is neces- 
sary. However a satisfactory procedure is easily established, whereas the 
avoidance of scaling is not achieved with such facility. The same sort of situa- 
tion exists in supporting the specimen; once a good jig is made there is no 
trouble from tipping specimens but without a good support it is almost impos- 
sible to obtain reliable readings. 

The procedure of treating-a number of specimens under identical condi- 
tions and plotting mean values should be most useful. In the work covered by 
the paper no conclusions were reached except after obtaining identical checks 
of at least two but usually more specimens. In the case of the effect of the water 
temperature it is gratifying to find Mr. Morris’ results more definitely confirm 
the author’s conclusions. 


Oral Discussion 


M. C. Fowrer:’ I have heard of Jominy end-quench test pieces having 
different lengths. I would like to know the effect of length changes on most 
tests. I would also like to ask if there has been any calculations of the “H” 
values for the water-cooled end in the Jominy Test. 

Mr. Hirt: I believe that Dr. Grossmann and co-workers in the S.A.E. 
papers did make such calculations. I have not run them myself. 

With reference to the length of specimens, the lip specimen is about 4 inches 
long. The first form that was brought out was 3 inches long. If the end of 
the specimen is the correct distance from the source of the water jet, namely, 
0.5 inch, the length does not seem to have much effect except that, with less 
length the range of cooling rates is less. 

Eart L. Krasser:’ I gather from this paper that tap water under city 
pressure would be satisfactory for the quenching. Is that correct? 

Mr. Hitt: As far as we have been able to discover, it might be. Of 
course if you want to do extremely close work, there might be some discrepancy 
between your results and those of somebody else who had tap water at a 
widely variant temperature, or condition of hardness. With city pressure it 
might be difficult to get the proper quantity of flow and the desired constancy 
of temperature necessary to do specification testing. 

J. G. Kura:* Upon running a hardness traverse on a 3-inch specimen the 
hardness quite often increases near the air-cooled end and I wonder if that is 
due to the air cooling effect on the very end of the bar? Does the hardness 
increase on this new 4-inch specimen that is being used, at 2.5 inches from the 
quenched end, as is sometimes encountered in the 3-inch specimen? 

I would like to know if the speaker used various rates of grinding to see 
what the effect would be on the hardness and what is the maximum rate which 
can be employed in grinding of flats. 

Mr. Hitt: The increase in hardness at the air-cooled end of the 3-inch 
specimen is due to the fact that the specimen is cooling not only from the cylin- 
























1Research laboratory, American Works, American Steel and Wire Co., Cieveland. 
2Process engineer, Boeing Airplane Co., Wichita, Kansas. 
8Research engineer, Battelle Memorial Institute, Columbus, Ohio. 
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drical portion but also from the end as is shown in Fig. C. Thus the rate of 
heat removal at the very end is greater, causing an increased cooling rate, than 
the rate of heat removal from portions of the bar not so near the end. This 
same effect has been noted on 4-inch specimens but at about 3.5 inches where 
the same end effect exists. 





Fig. C—Direction of Heat 
Transfer by Radiation. 


Since grinding is so much the result of the wheel available, the rate of 
traverse and the condition of the wheel, it was not considered worthwhile to 
experiment with grinding. Instead a practice which, as indicated by thermo- 
couples at the ground surface but inserted through the specimen, produced no 
heating and caused no softening of carburized specimens was adopted. This 
practice was to grind at least eight specimens at once, cutting transverse to the 
major axis with a 46 or 60 grit 7-inch aloxite wheel on a Brown and Sharpe 
dry surface grinder, up to the last four cuts one to two thousandths were re- 
moved. The last four cuts were 0.0005 inch. It was found essential to keep 
the wheel clean and cutting in the transverse direction indicated that there 
could be no progressive increase in temperature. 

Durwarp ARMSTRONG :* How were these measurements made on the half- 
time schedules. How do you determine the zero-temperature time and having 
the half-temperature time, do you use the standard cooling rate formula in the 
form of a half-life period such that the half-time divided into the log of two 
would give the cooling rate. 

Mr. Hitt: The cooling rate, as well as the half times, were determined 


‘Materials Division, Grumman Aircraft Engineering Corp., Bethpage, N. Y. 
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from actual curves taken, until close to a hundred curves were determined at 
various distances from the quenched end ranging from ys of an inch up to 2.5 
inches. In these curves there is a slight rapid drop just as the specimen is 
pulled out of the furnace—the cause of which is unknown. Naturally we had 
the temperature in the furnace as determined on the same couple and therefore 
the half time we found to be from the point where the smooth curve first began 
to drop to a temperature half way down to that of the quenching medium. The 
curves followed no simple formula although agreeing well with the calculation 
based on the tables of Russell. 

HucuH Ropman:® The author spoke of quenching in water at temperatures 
ranging up to 110 and reported little change in effect due to temperature. It 
is well known that the rate of quench in water varies with temperature, and 
that this rate of change becomes especially sharp above 110. Had the author 
continued his tests to 140 and 160 and 180 he would have found the rate of 
quench possibly one-fifth that at room temperatures. This change of rate of 
quench of water with varying temperature is in sharp contrast to the nearly 
uniform rate of quench of oil at all temperatures ordinarily employed. 

Mr. Hitt: Only those conditions were investigated which seemed probable 
to be encountered at the various air force stations. Possibly these should have 
been continued to a somewhat higher temperature but it was felt a temperature 
of 110 could be obtained almost everywhere. Higher water temperatures prob- 
ably would change the cooling rates but the object of the study was to see 
if a reproducible test were available under easily attained conditions. In any 
case the great velocity of the water across the end of the specimen would mini- 
mize the effect of water temperature. 


Author’s Reply 


The author wishes to thank those who have discussed this paper and empha- 
sized many important points concerning this type of test. While the test is 
one which almost anyone can set up and immediately begin to get figures, con- 
siderable careful work is necessary if these figures are to agree well within 
themselves and with those obtained by others. 

While this paper was limited to the study of the effect of conditions within 
one laboratory, subsequent work in conjunction with another laboratory indicates 
that the measurement of hardness is the source of much difficulty. Point to 
point agreement to 2 points Rockwell “C” between the two laboratories was 
possible if the hardnesses were measured in a single laboratory, but specimens 
quenched in one laboratory and measured in both showed consistent differences. 
The measurement of hardness is a different field of interest than that covered 
by this paper yet it must be remembered that the manufacturers of hardness 
testers do not usually guarantee accuracy to the limits to which scales may be 
read. 

The effect of segregation, alluded to in the reply to Mr. Waisman’s remarks, 
has repeatedly been confirmed on many sorts of specimens. As is true of any 
other test, the method of sampling must be so chosen as to show the usefulness 
of a material when it is employed in a particular way. 


5Rodman Chemical Co., Verona, Pa. 








HARDENABILITY CONTROL OF A 1 PER CENT CARBON 
STEEL 


By G. R. Barrow AND GILBERT SOLER 


Abstract 


This paper describes the processing and hardenability 
control of a 1 per cent carbon steel. The method of con- 
trolling the hardenability is a simple, accurate procedure 
and the data herein have been accumulated over a period 
of five years and include more than 600 heats of electric 
furnace steel all made by the same deoxidation practice 
and general melting procedure. 

To allocate effectively heats strictly on a hardena- 
bility basis requires a considerable amount of experimental 
work. Such was the case of this particular 1 per cent 
carbon steel where close hardenability limits were essen- 
tial. At the outset it was recognized that whatever method 
was chosen would have to be simple, easily reproducible, 
and accurate. At the same time it was decided to keep 
the melting and deoxidation practice constant. The out- 
growth of this preliminary work was a procedure for set- 
ting up proper chemical ranges and a standardized harden- 
ability test. 


PROCEDURE 


T first four, and then later five, relatively narrow hardenability 

ranges were specified. A broad chemical range was used until 

enough data could be accumulated for a correlation between analysis 
and hardenability. 

The basis for the determination of the chemical range has not 
been changed since its inception and consists of the simple addition 
of the amounts of four elements, namely: manganese, silicon, 
chromium, and nickel. The carbon is not included because it is held 
constant at 1.00 to 1.03 per cent. In Table I the analysis ranges 
are shown which cover the entire spread of hardness depths. These 
will later be referred to in detail. 

A paper presented before the Twenty-fourth Annual Convention of the So- 
ciety held in Cleveland, October 12 to 16, 1942. Of the authors, G. R. Barrow 
is a member of the metallurgical research staff, and Gilbert Soler is manager 


of research and mill metallurgy, Steel and Tube Division of the Timken Roller 
Bearing Co., Canton, Ohio. Manuscript received June 20, 1942. 
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Table I 
Total Analysis Hardenability 
Grade Sum of Mn, Si, Cr, Ni in Inches 
A 0.70—0.80 0.120—0.140 
B 0.85-1.00 0.150-0.170 
C 1.05-1.15 0.190—0.210 
: 1.15—1.25 0.210-0.230 


1.25-1.35 0.230—0.250 











All heats were melted in electric furnaces by the double slag 
practice, i.e., the charge was melted down under an oxidizing slag 
which was then removed, and the heat was subsequently finished 
under a carbide reducing slag. In general, all heats were made from 
a charge consisting largely of low phosphorus, plain carbon, inter- 
mill and a small amount of alloy-containing scrap. 

After the heats were melted down, sufficient ore and lime were 
added to reduce the carbon and phosphorus to the limits of the 
specification. Additions of carbon to meet a constant specification 
of 1.00 to 1.03 per cent were added after slagging off, with small 
additions to the ladle when necessary to adjust the analysis. Addi- 
tions of ferromanganese were made during the reducing period 
to meet the chemistry schedule established for each hardenability 
range. Definite silicon additions in the form of calcium silicide 
were added to the ladle for each grade of steel. 

The variations in phosphorus, sulphur, and carbon contents 
of the heats were held within close limits. The manganese addi- 
tions were varied according to the chromium and nickel residuals 
with constant silicon additions to the ladle so that a definite sum 
of these four elements—manganese, silicon, chromium, and nickel 
—was obtained, depending on the required hardenability range. 

All heats were made by the same deoxidation practice. Grain 
sizes as determined by the McQuaid-Ehn test were coarse to 
medium. However the grain sizes at 1430 degrees Fahr. (775 
degrees Cent.) (the quenching temperature used for the harden- 
ability test), as well as the fracture grain sizes, averaged Num- 
ber 7 and were very uniform from heat to heat. 

The steel was cast in 19 or 21-inch round duodecagonal 
big-end-up, hot-topped ingots. All heats were bloomed to 6 by 6 
inches and were suitably cooled. Samples taken at the blooming 
mill were forged into 1%-inch rounds for hardenability tests. 
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Fig. 1—Samples Representing the Five Hardenability Ranges. 


70 


8 


Rockwell GC" Haraness 


Fig. 2—Hardness Depth Curves on a “C’”’ Grade 
Analysis. (Quenched from 1430 Degrees Fahr.) 


HARDENABILITY TESTING 


The forged bars were turned to l-inch rounds, normal- 
ized at 1600 degrees Fahr. (870 degrees Cent.) for 1 hour and 
vertically quenched from 1430 degrees Fahr. (775 degrees Cent.) 
into a submerged brine spray of 1.070 to 1.074 specific gravity. The 
brine temperature was kept at 100 degrees Fahr. and a definite brine 
pressure was maintained. The samples remained in the furnace at 
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= ae 3—Hardenability Versus Total Points of Manganese, Silicon, Chromium and 
ickel. 


1430 degrees Fahr. (775 degrees Cent.) for a total of 1 hour and the 
number of samples per furnace charge was constant. 

The quenched pieces were sectioned transversely, polished on 
a rough belt, and etched in boiling 1:1 hydrochloric acid. The hard- 
ness depth of the etched transverse section was carefully measured 
with a Brinell glass. Each small division on this glass represented 
0.004 inch. In Fig. 1 samples representing the five hardenability 
ranges are shown. Fig. 2 illustrates the familiar U type of hardness- 
depth curve on a C grade analysis, showing the sudden drop in hard- 
ness, characteristic of shallow hardening steels of this type. 

Since the Jominy tests have been used so successfully on other 
analyses they were tried on this type of steel. Both the L-Bar and 
the standard end quench tests were explored, on a selected analysis 
(“C” hardenability range) with the following results: The L-Bar 
samples invariably cracked on quenching, indicating that this test was 
not adaptable to this analysis. The standard test was likewise of 
little benefit because of the shallow hardening characteristics of this 
type analysis. It was found that the normal experimental error in 
testing was too great a proportion of the depth of hardness for accu- 
rate allocation of heats to the proper bar sizes on this basis. 
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CORRELATION OF CHEMICAL ANALYSIS WITH HARDENABILITY 


Fig. 3 shows the relationship between analysis and depth of 
hardness.* The circles represent the arithmetical average of the sum 
of the aforementioned elements for each depth of hardenability. 
The dotted lines indicate the average deviation of all points from 
a smooth curve based on the circles. The spread shown by these 
dotted lines provides a working range for melting steel to hardena- 
bility requirements. 

In Fig. 3 phosphorus was not included in the summation of 
elements. Over a number of years the percentage of this element 
from heat to heat has been very constant, ranging from 0.010 to 
0.020 per cent. However, it was ably pointed out by Grossmann? 
that phosphorus is very potent as a hardening agent and merits 
consideration. To study its effect on the analysis covered by this 
paper, two production heats of steel were melted, one in a “B” 
analysis range, and the other in the “D” range. Practices were 
standard with the exception that ferrophosphorus was added to one 
ingot on each heat. A number of hardenability tests were run 
on the top, middle, and bottom of the rephosphorized ingots and 
on similar positions of adjacent, untreated ingots. The results are 
listed in Table II. These data prove that phosphorus does have a 
marked effect on hardenability. However, it was not deemed 
necessary to include this element in plotting Fig. 3 as the 
variation from heat to heat was slight. When preliminary melting 


Table Il 
Depth of 
Heat Peer Cent ———cxixy~ Ingot Hardness 
Number & Mn P S Si Cr Ni Position in Inches 
19165 0.042 6 Top 0.280 


19165 1.01 0.34 0.039 0.012 0.24 0.26 0.27 6 Middle 0.280 
19165 0.041 6 Bottom 0.290 


19165 0.014 7 Top 0.220 
19165 1.00 0.34 0.013 0.013 0.25 0.26 0.27 7 Middle 0.230 
19165 0.013 7 Bottom 0.230 
26050 0.040 ” 6 Top 0.200 
26050 1.00 0.32 0.038 0.015 0.29 0.17 0.18 6 Middle 0.200 
26050 0.041 6 Bottom 0.210 
26050 0.015 7 Top 0.160 
26050 1.00 0.30 0.015 0.015 0.27 0.17 0.19 7 Middle 0.160 
26050 0.016 7 Bottom 0.160 





*The original data are too voluminous to include in this publication. However, these 
data are available for those wishing to review it. 

1M. A. Grossmann, “Hardenability Calculated from Chemical Composition,” American 
Institute of Mining and Metallurgical Engineers, Technical Publication No. 1437 1942. 
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tests show a phosphorus value of over 0.020 per cent, adjustments 
can be made in allocating the heats. 

Several attempts have been made to develop a method of calcu- 
lation that would provide a closer correlation between chemical 
analysis and hardenability. The number of heats involved, with the 
known chemistry and with the hardenability results secured by a 
uniform testing procedure, provided a good basis -for correlation 
work. Data studies included the following: 

1. Determination of the spread of analysis and of the average 

content of each element for each hardenability depth. 

2. Plotting of frequency charts showing the content of each 
element for each hardenability group. 

3. Development of factors for each element to draw the 
points closer to the average. 

4. Use of Grossmann’s method to determine ideal critical 
diameters which were then plotted against depth of hard- 
ness. 

Results of the first two studies showed a general trend of increase 
in chemical content with increase in hardenability. Good correla- 
tion was secured for silicon and for chromium. The correlations for 
manganese and for nickel were somewhat masked by a shift in the 
melting range of these elements. Since phosphorus is kept to the 
low side and because this element must be raised to approximately 
0.030 per cent to increase the Kardenability one class, there was 
little correlation on this item. The frequency plots are shown 
in Fig. 4. 

Following the trend of earlier hardenability work, it was thought 
that factors representing the relative hardening powers might be 
developed for the elements manganese, silicon, chromium, and nickel. 
For a given heat the content of each element would then be multiplied 
by its respective factor and these products representing the hardening 
powers would be added together to predict the depth of harden- 
ability. These factors were obtained by the solution of five simul- 
taneous equations. Because the curve of hardenability versus total 
chemistry (Fig. 3) divides itself into two straight line portions, 
five equations were set up for each portion and each set was solved 
independently of the other. Sufficient difference was found be- 
tween the two factors derived for each element that an additional 
set of factors was determined for each hardenability depth in order 
to see if a gradual change in factor occurred with change in harden- 
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Fig. 4—Frequency of Occurrence of the Various Elements for Each Harden- 
ability Group. 


ability and average chemical content. Results were most erratic and 
it was decided that the determination of factors by such a method 
was unsatisfactory. 

Grossmann’s procedure of calculating hardenability was next 
tried. There should be a direct relationship between ideal critical 
diameter (D,) as calculated by this method and depth of harden- 
ability as determined by the standard test. Due to the low quench- 
ing temperature of 1430 degrees Fahr. (775 degrees Cent.), an 
arbitrary factor of 0.85 per cent carbon was selected because com- 
plete solution of the carbides was not obtained. Grain size was con- 
sistently fine at the low temperature used. The relationship of 
alculated ideal critical diameter and hardenability is plotted in Fig. 

Symbols and dotted lines have the same significance as in Fig. 3. 
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Fig. 5—Hardenability Versus Ideal Critical Diameter. (Grossmann’s Method.) 


Tests by various investigators have indicated that, in hyper- 
eutectoid steels quenched from ordinary temperatures, the harden- 
ability has a tendency to be actually less than that of steels of the 
eutectoid composition. Digges? showed a regular increase in harden- 
ability up to 1.20 per cent carbon but his tests were quenched from 
1700 degrees Fahr. (925 degrees Cent.) where all carbides are 
undoubtedly in solution. Occasional heats have shown a high carbon 
on the top of the last ingot. These carbons have ranged from 1.10 
to 1.16 per cent. Samples from these ingots were tested with other 
standard sample pieces and no increase in hardenability was noted, 
which indicates that at this particular quenching temperature (1430 
degrees Fahr.) the increased carbon does not increase the harden- 
ability. The undissolved carbides probably act as nuclei for the 
precipitation of pearlite on quenching and hence decrease the hard- 
enability. 

Figs. 3 and 5 exhibit approximately the same spread of points. 
Both curves have two slopes but the “break” occurs at a harden- 
ability of 0.190 inch in Fig. 3, whereas it occurs at 0.240 in Fig. 5. 
This difference is of questionable significance but the curve developed 
by Grossmann’s method does provide a straight line relationship 
over the greater number of heats. It was decided, as a result of the 
“exploratory” correlation work, that the use of the original method 
of the simple sum of the contents of manganese, silicon, chromium, 


*T. G. Digges, “Effect of Carbon on the Hardenability of High Purity Iron-Carbon 
Alloys,’”’ Transactions, American Society for Metals, 1938, p. 408. 
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and nickel offers the most practical method for controlling the 
hardenability of this particular grade of steel. 


SUMMARY 


A method of hardenability control for a 1 per cent carbon 
steel has been described. A simple procedure for estimating the 
hardenability has been developed by melting a large number of 
electric furnace heats and by successfully allocating each of these 
heats into one of five hardenability ranges. 

In addition to describing the standard melting and mill process- 
ing, the method of adjusting manganese according to the chromium 
and nickel residuals in order to meet a specified hardenability group 
was explained. 

The actual test which is used for allocating the heats into 
various hardenability groups has been described in detail. It was 
found that the Jominy hardenability tests were not adaptable for this 
shallow-hardening analysis range. 

Several attempts to develop a closer correlation between chemical 
analysis and hardenability by various statistical methods indicated 
that of those tried none were more satisfactory than the method now 
in use. 


CoNCLUSIONS 
The hardenability of a 1 per cent carbon steel can be success- 
fully estimated by totaling the percentages of manganese, silicon, 
chromium, and nickel, and confirmed by using a rigid hardenability 


test such as described herein. 
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DISCUSSION 


Written Discussion: By B. F. Shepherd, chief metallurgist, Ingersoll- 
Rand Co., Phillipsburg, N. J. 

This paper is very interesting as it discusses hardenability control based 
on chemical analysis of electric furnace steel heats which have all been made 
by the same deoxidization practice and general melting procedure. It recog- 
nizes the influence of the melting methods upon hardenability and indicates 
the necessity for the consideration of this feature in any statistical method of 
correlating hardenability with chemical analysis. The neutralization of carbon 
content as a factor by maintaining this element constant at 1.00 to 1.03 per cent 
over more than 600 heats constitutes a remarkable melting performance. 


8 


Rockwell C* Hardness 


§ 


{ZY 


YY, .{‘®*'V“‘' 


Fig. A—Hardness Depth Curves on_a “C” Grade 
Analysis. (Quenched from 1430 Degrees Fahr.) 


30 





The gap in specifications between grade “A” and “B” and “B” and “C” 
naturally leads to the question as to whether this control is extended so heats 
which have a hardenability of 1.41 to 1.49 and 1.71 to 1.89 are never made, 

The use of a constant diameter test piece over a wide range of harden- 
ability should be accompanied by a recognition of the influence of mass upon 
depth of case if even gradations in hardenability are desired. If the 5 grades 
listed in this paper are plotted against critical bar diameter assuming an 
intensity of quench of H-4, the 0.020-inch range of depth of case on a 1-inch 
round used on these grades will show us the following relation to critical bar 
diameter : 

Equivalent Critical Bar 


Depth of Case Diameter Assuming H-4 
n 1” Rd.—, -~Ouench Intensity— 

Grade Min. Max. Range Min. Max. Range 
A 0.120 0.140 0.020” 0.610 0.663 0.053” 
B 0.150 0.170 0.020” 0.680 0.723 0.043” 
C 0.190 0.210 0.020” 0.750 0.783 0.033” 
> 0.210 0.230 0.020” 0.783 0.810 0.027” 


0.230 0.250 0.020” 0.810 0.835 0.025” 
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Inasmuch as the lower hardenability steels are usually specified for parts 
which are relatively smaller in mass, we have found it more desirable to have 
a narrower range of critical bar diameter for these parts than for the pieces of 
larger mass where the higher hardenabilities are used. 

Smaller sized rounds can be used to obtain greater sensitivity and cor- 
related with the larger sizes as shown on the chart, which was prepared from 
Grossmann’s data (Fig. A). 

My assumption of an intensity of quench of H-4 (Fig. B) is probably 
incorrect but calculations of quench intensity from the data furnished by the 
authors in Fig. 2 show a remarkable intensity of quench for a 10 per cent 
brine spray at 100 degrees Fahr. 

The quench intensity calculation from Fig. 2 is shown on the accompanying 
chart using both C55 and 50 Rockwell and Grossmann’s data. The Du over 
D value for the 0.75-inch round is in discordance with other values obtained. 


Oral Discussion 
SAMUEL EpsTEIN:* I notice you found phosphorus to have a considerable 
effect. Have you made any use of that finding in controlling the hardenability 
of steel? 


Authors’ Reply 


Mr. Shepherd’s discussion is especially welcome in view of his past experi- 
ences and research work in the field of hardenability. 





SResearch metallurgist, Bethlehem Steel Co., Bethlehem, Pa. 
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The question of the gap in hardenability between the “A” and “B” and 
also the “B” and “C” ranges can be explained as follows: The original ranges 
as outlined in the paper were satisfactory for the end product and have con- 
tinued to serve as “aims” on our hardenability program. The sizes of the end 
product vary enough to allow the heats falling in the two “gaps” to be applied. 
In this manner the large number of sizes allows for application of the full 
range of hardenability from A to E including the two “gaps.” 

We are in agreement with Mr. Shepherd that mass does have a direct 
effect on hardenability and that smaller test pieces would afford a more 
sensitive test for the shallow hardening analyses. 

However, we have found that sufficient accuracy can be obtained on the 
present constant diameter test sample to provide a commercial product with 
closely controlled depth of hardness. In view of the fact that the present size 
of sample and method of testing have proved very successful in allocating heats 
it would seem unwise to have several test sizes. 

In reply to Mr. Epstein, we have not made use of phosphorus as an 
alloying element for increasing the hardenability. The main purpose of the 
experimental work mentioned in this paper was to find out the effect of high 
residual phosphorus on the hardenability. It was found that this element did 
have a marked effect at high residual contents. After slag-off and before the 
manganese is added, if the residual phosphorus is high, then adjustments can 
be made to balance the sum of the elements so that the hardenability is within 
the specified limits. 





THE EFFECT OF HARDNESS ON THE MACHINABILITY 
OF SIX ALLOY STEELS 


By O. W. Boston anp L. V. CoLwELy 


Abstract 


The effect of hardness on the machinability of steel 
was studied by means of a series of turning tool-life tests 
on six alloy steels in the quenched and tempered condition. 
The tool material, tool shape, size of cut, and cutting fluid 
represented commercial practice. The results show marked 
sensitivity of machinability to hardness in all six of the 
types of alloy steel tested. These steels gave a wide range 
of machinability ratings, particularly at high hardness. 
However, the difference in machinability between two 
heats of the same type of steel was as great as the range 
covered by the six types. There appears to be a direct 
correlation of hardenability with machinability of the 
harder steels. 


EQUIPMENT AND TOOLS 


A SERIES of turning tool-life tests were made on S.A.E. X4345, 
4645, 4145, 3145, 5145, and G.M.C. X3045A steels in the 
quenched and tempéred condition. These tests had three principal 
objectives : 

1. To establish the correlation of machinability with the hard- 
ness of alloy steels. 

2. To determine the sensitivity of machinability to hardness, 
particularly in the high hardness range. 

3. To determine the relative machinability ratings of the six 
types of alloy steels. 

A toolroom lathe, shown in Fig. 1, with a 14-inch swing and 
24 inches between centers, was used, fitted with a Reeves variable 
speed drive providing speeds infinitely variable between 17 and 1200 





A paper presented before the Twenty- -fourth Annual Convention of the Soci- 
ety held in Cleveland, October 12 to 16, 1942. Of the authors, O. W. Boston 
is professor of metal processing, and L. V. Colwell is assistant professor of 
metal processing, University of Michigan, Ann Arbor, Mich. Manuscript 
received June 10, 1942. 
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revolutions per minute. An extra set of special feed gears permitted 
a selection of feeds ranging from 0.125 inch to 0.0016 inch per 
revolution. Tool bits 3 inch by 3 inch long, of the 18-4-2 type of 
high speed steel were used. They had the following shape: 
| Back rake, 8 degrees 

Side rake, 14 degrees 

Front relief angle, 6 degrees 

Side relief angle, 6 degrees 

End cutting-edge angle, 6 degrees 

Side cutting-edge angle, 15 degrees 

Nose radius, ¢ inch 
Tool angles were ground correct to within 20 minutes of the specified 
angles, and the nose radius to within 0.002 inch through the aid of 
special fixtures. 


CuTTING FLUID AND SIZE oF Cut 


An emulsion consisting of a soluble oil was reduced with twenty 
parts of distilled water. Temperature was maintained between 100 
and 110 degrees Fahr. by thermostats, and the stream directed on the 
tool face at a velocity of 358 feet per minute to give a volume of 
flow of 3 gallons per minute. _, 

Two sizes of cut representing typical rough and finish turning 
cuts such as might be made with a turret lathe were taken so as to 
simulate commercial practice. The heavy or rough-turning cut was 
0.050 inch deep with a feed of 0.0127 inch per revolution. The light 
or finish-turning cut was 0.0125 inch deep with the same feed of 
0.0127 inch per revolution. 


STEELS TESTED 


The composition and grain size of each steel tested are listed in 
Table I. Bars 1% inches in diameter and 30 inches long were oil- 
quenched from 1525 degrees Fahr. and tempered to yield nominal 
hardnesses of 250, 300, 350, 400, 450, and 500 Brinell. The bars 
were then center drilled and rough turned to a depth of 0.03 inch 
to remove any decarburized material. Brinell hardness tests were 
supplemented by Rockwell hardness surveys on cross sections of 
disks cut from the bars. The hardnesses used in plotting curves 
were averages indicative of the material actually cut in the lathe 
tests. 
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Table I 
Composition of Steels Tested 
(These Steels Were Carefully Selected to Give Representative Analyses) 


McQuaid 
Ehn 
(ern eoemanmnen | in Per Cent—————_—_—.___ Grain 
Steel ¢ Mn S Si Ni Cr Mo Size 
A.E. 3145 (Modified) 0.45 0.76 sais 0.022 0.23 1.27 0.59 7 
-A.E. 4645 0.47 0.73 0.018 0.020 0.21 1.82 .... 0.25 7 
A.E. 4340 (Modified) 
(Heat No. 1) 0.48 0.66 0.017 0.015 0.25 1.72 0.76 0.21 7-6 
.A.E. 4340 (Modified) 
(Heat No. 2) ee GE hae a 4 ean 6 0.21 1.77 0.75 0.23 


-E. 4145 0.46 .0.78 0.018 0.020 .... .... 0.98 0.22 6 
.E. 5145 0.47 0.76 0.018 0.023 0.90 ..-- 7 
6 








A 

A | - oer 

ae X3045A (Heat No.1) 0.46 0.83 0.019 0.021 a 0.72 0.72 
«- 0.2 


C. X3045A (Heat No. 2) 0.48 0.93 ..... 0.72 0.70 .... 





METHOD oF TEST 


With the tool adjusted to a particular depth of cut and the test 
bar rotating at a preselected surface speed, a cut was started and 
the life of the tool measured by the length of time it cut before 
breaking down completely as a result of cratering of the face and 
subsequent breakage of the cutting edge. Generally, this failure 
point was definite and could be ascertained with accuracy. With the 
same depth of cut, the same test bar was then machined at higher 
and lower surface speeds, which gave shorter and longer tool lives, 
respectively. With these points plotted on logarithmic charts, a 
straight line known as a cutting-speed tool-life curve was obtained 
for each steel at a given hardness. Continuation of the tests pro- 
duced the data for all the steels at various hardnesses as shown in 
Figs. 2 to 15. Figs. 2 to 9 are for a depth of cut of 0.050 inch, 
Figs. 10 to 15 for a light cut of 0.0125-inch depth. The feed in 
both groups of tests was kept at 0.0127 inch per revolution. 

The actual measured tool life for any given cutting speed rarely 
exceeded 20 to 40 minutes. The straight lines drawn between 
points plotted on log-log paper gave fairly accurate cutting-speed 
values for a 10-minute tool life. For the 360-minute tool life, ex- 
trapolation of the straight line was necessary, and although such 
straight line relationship is probably valid, the results for a 360- 
minute tool life are considerably less accurate than for a 10-minute 
tool life. 

With a series of straight line curves such as shown in Fig. 2 
for S.A.E. X4345 steel, a set of cutting-speed values at several 
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Fig. 2—S.A.E. 4340 Steel (Modified) (First Heat)-—-Depth of Cut 0.050 
Inch, Feed 0.0127 Inch. 
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Fig. 3—S.A.E. 4340 Steel (Modified) (Second Heat)—Depth of Cut 0.050 
Inch, Feed 0.0127 Inch. 


hardness levels was obtained for a 10-minute and 360-minute tool 
life. These values provided the basis for the summary curves, 
Figs. 16 to 19, which show for each steel the cutting-speed versus 
hardness relationship for a 10-minute and 360-minute tool life, 
with a 0.050-inch depth of cut and an 0.0125-inch depth of cut, 


respectively. By means of these summary charts, the relative merits 
of the various steels were compared. 
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Fig. 4—S.A.E. 4145 Steel—Depth of Cut 0.050 Inch, Feed 0.0127 Inch. 
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Fig. 5—S.A.E. 4645 Steel—Depth of Cut 0.050 Inch, Feed 0.0127 Inch. 


DIscussION 


In general, the data contained in Figs. 2 to 15 require no dis- 
cussion. Certain specific points are worthy of mention. 

(a) The tool-life data from the turning tests on the first heat 
of S.A.E. X4345 steel are shown plotted in Fig. 2. This figure 
shows how the data are correlated to produce a machinability rating. 
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Fig. 6—S.A.E. 5145 Steel—Depth of Cut 0.050 Inch, Feed 0.0127 Inch. 
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Fig. 7—S.A.E. 3145 Steel—Depth of Cut 0.050 Inch, Feed 0.0127 Inch. 


For example the lowest straight line in this figure is drawn through 
five circles representing the five cuts made on the hardest bar of the 
S.A.E. X4345 series. The vertical position or ordinate of each 
point represents the cutting speed in feet per minute, while the 
horizontal position represents the tool life in minutes. 

The general equation for a straight line on logarithmic co-ordi- 
nates is VI"™=—C, where V is the cutting speed in feet per minute, 
T is the tool life in minutes, C is a proportionality constant and n is 
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Fig. 8—-GMC X3045A Steel (First Heat)—Depth of Cut 0.050 Inch, 
Feed 0.0127 Inch. 
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Fig. 9—GMC X3045A Steel (Second Heat)—Depth of Cut 0.050 Inch, 
Feed 6.0127 Inch. 








the slope of the line as measured relative to the horizontal axis. 
The constant C is also equal to the cutting speed for a i-minute 
tool life so it is possible to determine the equation of a tool-life 
line directly from the plotted data by measuring the slope to obtain 
n and observing the speed for a 1-minute tool life. Thus the 
equation for the tool-life line at the bottom in Fig. 2 is VT:** = 43.5. 


19: 
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Fig. 10—S.A.E. 4340 Steel (Modified) (First Heat)—Depth of Cut 
0.0125 Inch, Feed 0.0127 Inch. 
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Similar equations were obtained for all of the tool-life lines 
obtained as shown in Figs. 2 to 15 inclusive. Using the equations 
derived from the data as plotted, the cutting speeds were computed 
for both 10-minute and 360-minute (6 hours) tool lives for each 
tool-life line. These cutting speeds designated as V,, and Vogo, 
respectively, were plotted against Brinell hardness number in Figs. 
16 to 19 summarizing the effect of the hardness of the steel on 
machinability. 
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Fig. 12—S A.E. 4645 Steel—Depth of Cut 0.0125 Inch, Feed 0.0127 Inch. 
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Fig. 13—S.A.E. 5145 Steel—Depth of Cut 0.0125 Inch, Feed 0.0127 Inch. 
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Fig. 14—S.A.E. 3145 Steel—Depth of Cut 0.0125 Inch, Feed 0.0127 Inch. 
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Fig. 15—GMC X3045A Steel (First Heat)—Depth of Cut 0.0125 Inch, 
Feed 0.0127 Inch. 
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Fig. 16—A Summary of Machinability Tests at a 10-Min- 
ute Tool Life for a Heavy Cut—Depth of Cut 0.050 Inch, 


Feed 0.0127 Inch, Emulsion 1:20. 
(b) At a hardness of 488 Brinell, the S.A.E. 4145 steel gave 
very erratic machining results, plotted as a band in Fig. 4 rather than 
as a single line. This necessitated the plotting of two points on the 
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Fig. 17—A Summary of Machinability Tests at a 10- 
Minute Tool Life for a Light Cut—Depth of Cut 0.0125 
Inch, Feed 0.0127 Inch, Emulsion 1:20. 
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Fig. 18—A Summary of Machinability Tests at a 6-Hour 
Tool Life for a Heavy Cut—Depth of Cut 0.050 Inch, Feed 
0.0127 Inch, Emulsion 1:20. 


summary curves, Figs. 16 and 18, and the continuation of the 
straight line for S.A.E. 4145 beyond 450 Brinell as a dashed, 
rapidly falling curve. 

(c) With steels S.A.E. 4645 and 3145, and the variation in 
hardness around the perimeter of the bars at the highest hardnesses 
made it impossible to test these steels beyond 415 Brinell. 

(d) With steels S.A.E. 5145 and G.M.C. X3045A, points 
were obtained at about 460 Brinell, but the results were low and 
excessive variation in hardness was encountered. 
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Fig. 19—-A Summary of Machinability Tests 
at a 6-Hour Tool Life for a Light Cut—Depth 
of Cut 0.0125 Inch, Feed 0.0127 Inch, Emulsion 
1:20. 
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Fig. 20—The Results of Jominy Hardenability Tests 
Conducted by The International Nickel Company Labora- 


tories on the Same Heats of Steels Used for the Machin- 
ability Tests. 
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(e) Evidence indicates that the machining characteristics for 
heavy cuts in the alloy steels at hardnesses above 300 Brinell in Figs, 
16 and 18 are related to the hardenability as shown by the curves 
above 30 Rockwell “C” in Fig. 20. Jominy hardenability tests per- 
formed by the Inco laboratory on specimens of the same heats tested 
for machinability indicate that S.A.E. X4345 has the highest harden- 
ability, and that S.A.E. 4145 has an intermediate hardenability. All 


of the other steels had approximately the same relatively low harden- » 


ability. These results are shown in Fig. 20. This rating by harden- 
ability is strikingly similar to the machinability ratings shown in 
Figs. 16 and 18. 

Further evidence is afforded by the fact that the second heat 
of G.M.C. X3045A steel, which possessed machining characteristics 
markedly superior to the first heat, also possessed better hardenability 
than its predecessor. 

Examination of the microstructure of the S.A.E. X4345 and 
4145 steels quenched and tempered to 488-492 Brinell disclosed 
that the nickel-containing steel was composed uniformly of tempered 
martensite, whereas the chromium-molybdenum steel contained some 
areas of an intermediate transformation product resulting from in- 
complete hardening. Such intermediate transformation products may 
be.detrimental to machinability, at least in the high hardness range. 
Inferior hardenability is also the cause for the nonuniform hardness 
of the inferior steels in the range exceeding 400-450 Brinell. 

This correlation between hardenability and machinability at high 
hardness is scarcely conclusive, but the evidence at hand suggests 
the existence of such a relationship. 

({) The tests made on the second heats of S.A.E. X4345 and 
G.M.C. X3045A steels were designed to show what differences in 
machinability might be expected with normal heat-to-heat variation 
in the same steel. This second series of tests gave uniformly higher 
results than the first tests, and the spread between the two heats of 
each steel is indicative of the variations in machining characteristics 
which are likely to occur in commercial practice. The variations are 
in some cases greater than the differences between steels of different 
classes. This is particularly true of the G.M.C. X3045A steel, 
which is more sensitive than the other steels to differences in chem- 
ical composition within the permissible tolerances. As previously 
mentioned, and demonstrated in Fig. 20, the second heat of G.M.C. 
X3045A steel had better hardenability than the first heat. 
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(g) Data were also obtained on mill annealed bars of each 
steel. These data are shown in Figs. 2 to 15, but no attempt has 
been made herein to draw conclusions from the results obtained. 
Since these bars were obtained from different sources, the variations 
in hardness and microstructure make comparisons between the steels 
of doubtful value. 


CONCLUSIONS 


The following general observations for the specific materials 
and conditions of tests conclude this paper. All of the machining 
tests involved turning under specific conditions, and cannot ac- 
curately be translated into expected results for other conditions or 
machining processes. The results will offer a basis for reasonable 
speculation. 

1. In general, the S.A.E. X4345 steel, the S.A.E. 4145 steel, 
the S.A.E. 3145 steel, and the S.A.E. 4645 steel, in the quenched 
and tempered condition, have higher cutting speeds for a given 
tool life than the S.A.E. 5145 and G.M.C. X3045A steels. The 
specific machinability ratings vary somewhat for the heavy and 


light cuts, however. 


2. The first group of tests involving heavy cuts with a cutting 


fluid indicates that, for general machining purposes, the S.A.E. 
X4345 steel has the highest cutting speed, such as V,,, of all the 
six steels tested. This is particularly true at hardnesses below 400 
Brinell. The S.A.E: 4145 steel approaches the S.A.E. X4345 
steel at high hardness, but it could not be machined with consistent 
results at hardnesses of 450 Brinell or higher. The S.A.E. X4345 
steel displayed remarkable consistency, even at the very low turn- 
ing speeds necessitated by the hardnesses above 400 Brinell. 

3. The second group of tests involving light cuts shows the 
S.A.E. 4645 steel to have the highest machinability rating, such as 
Vo, except for the difficulty likely to result from poor hardenability. 
These tests give a chip formation somewhat different from that of the 
first group as it is a proportionately thicker chip, similar to those 
obtained in threading operations. 

4. One of the prerequisites for good machinability in the high 
hardness range, that is, greater than 400 Brinell, is that the steels 
possess a high degree of hardenability or uniform hardness penetra- 
tion. This is evident from the fact that both groups of machinability 
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tests show that the cutting speed for a given tool life may be reduced 
15 per cent for approximately a 5 per cent increase in Brinell hard- 
ness. This being the case, a steel possessing good hardenability is 
necessary to avoid pronounced variation in hardness about the 
periphery, along the axis, and radially, arising from variable factors 
in heat treating practice. Considering the above qualifications, and 
reviewing the results obtained from this project, the S.A.E. X4345 
and 4145 steels, which possess good hardenability, should also have 
superior machinability ratings in commercial practice when compared 
with the other four types of steels tested. This applies only to the 
quenched and tempered condition which usually involves hardnesses 
considerably higher than those of annealed steels. 

5. The cutting speed, V,,, is different, for some of the steels 
for the low hardness value obtained by mill annealing, from that of 
the same hardness obtained by quenching and tempering. The mill 
annealed bars of steels S.A.E. 3145 (modified), S.A.E. 5145, S.A.E. 
4145, and GMC X3045A gave cutting speeds (V,) and Vy.) con- 
siderably higher than would be obtained by extrapolating the curves 
for the quenched and tempered structures shown in Figs. 16 and 18 
for heavy cuts. For example, V,, for the mill annealed bar of S.A.E. 
5145 steel, having a Brinell hardness of 163, is 236 fpm, as shown 
in the inserted table of Fig. 6. By continuing the line for the S.A.E. 
5145 steel, in Fig. 16, a value of V,, of 168 fpm would be obtained 
for the hardness of 163 Brinell obtained by quenching and temper- 
ing. The cutting speed (V,,) for the S.A.E. 4340 (modified) steel 
and the S.A.E. 4645 steel was more nearly equal for the same hard- 
ness as obtained by mill annealing and by quenching ard tempering. 
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DISCUSSION 


Written Discussion: By B. J. DeSimone, metallurgical engineer, Curtiss 
Propeller Division, Curtiss-Wright Corporation, Caldwell, New Jersey. 

The authors are to be complimented on the excellent data presented in 
their paper. The data is especially valuable at this time when most machines 
are operating at capacity, and new steels such as the NE 8000 series are being 
substituted for the higher alloyed S.A.E. steels. 

Especially interesting are the curves represented in Figs. 16, 17, 18, and 19. 
The S.A.E. X4340 steel shows its superiority at the higher hardnesses and 
deeper cuts. I also note that the machinability of the different alloy steels 
changes position by changes in hardness, depths of cut, and cutting speeds. We, 
therefore, expect the change to the NE steels to have effects on our present 
machine settings since they constitute a big change in analyses. It is unfortunate 
that machinability data on the new NE steels were not obtained for comparison 
with the data for the steels tested. 

Commenting on the higher machinability for mill annealed bars over the 
values of quenched and tempered bars extrapolated to the same hardnesses, 
I would like to add that data from a test program on A.M.S. 6415 steel 
(S.A.E. X4340) which the authors made for the Curtiss-Wright Corporation 
substantiates this fact. In our tests, we used different heat treatments to pro- 
duce different microstructures. The results showed that the machinability in 
the annealed condition for rough machining can be altered appreciably by 
changes in microstructures and bars which were given isothermal treatments 
gave the best results. Consequently I would hardly expect the extrapolated 
values of quenched and tempered steel to coincide with the mill annealed values 
in which case the microstructures play a very important part. 

I notice that the authors make no mention of grain size of the duplicate 
steels tested. I would like to ask the authors if a smaller grain size will 
lower appreciably the machinability in the heat treated condition because smaller 
grain size would lower appreciably the hardenability as determined by the 
Jominy tests. Also very important in aircraft work is the type of finish after 
the last operation. Did the authors find any differences in the finish on test 
bars of the different steels tested under the same conditions? What accuracy 
can be expected from these tests? For instance, on the same test bar at the 
same hardness and cutting speed, what would the approximate per cent differ- 
ence be in the tool life for two test runs? 

Written Discussion: By Hudson T. Morton and Earl E. Wagner of 
Hoover Ball and Bearing Co., Ann Arbor, Mich. 

This paper by Professors Boston and Colwell is a very timely one because 
so much of the ordnance materiel is now machined in the quenched and drawn 
condition to counteract any warpage effects during heat treatment. We believe 
that if photomicrographs were shown of the structures encountered in these 
steels they might explain some of the causes for the variations. Interpolation 
No. 1, 

Our experience in machining mill annealed 52100, 3140, and 2340 steels 
indicates that hardness measurements alone do not determine the machinability 
of the steel. Two parts of the same bar of 52100 steel having identical hardness 
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values differ greatly in machinability due to the completeness of spheroidization 
or presence of lamellar pearlite. Similarly we have had better machinability 
results on normalized 3140 and 2340 steels than on annealed bars, although the 
hardnesses have been identical. We believe these differences to be due to the 
microstructure. 

Written Discussion: By Mario E. Martellotti, research engineer, The 
Cincinnati Milling Machine Co., Cincinnati, Ohio. 

The authors have presented an interesting summary of life tests of a 
standard side-cutting lathe tool of 18-4-2 composition, as related to the hardness 
of six alloy steels. 

The tests have been made at 0.050 and 0.0125-inch depth of cut with a 
constant feed per revolution of 0.0127 inch, and constant quantity of cutting 
fluid (soluble oil and water) supplied to the cutting tool. The temperature of 
the cutting fluid was maintained nearly constant by thermostatic control. 

In addition the authors have reproduced carefully by grinding the specified 
angles and the nose radius of the tool used. It would have been useful also 
to know the conditions of finish of the cutting edge of the flank and face of 
the tool. 

Most machine shops use rough-ground or semi-finished cutting tools and 
the finish obtained on the surfaces of the tool varies between wide limits. 

In comparing cutting tools ground by ordinary shop procedure, one finds 
surface finish varying between 4 and 40 micro-inches, RMS. In some cases 
a good finish is obtained by using a hard grinding wheel with the result that 
the face and the flank of the tool has a thin layer of decarburized material 
due to excessive heating developed during the sharpening operation, and rather 
than an increase in tool life it is usually found that the tool has low wear 
resisting properties and a short life. 

It is very important, from the viewpoint of tool life, to grind a tool with 
a grinding wheel of the proper grade, and to remove a small amount of material 
per pass to prevent over heating of the tool and the undesirable results men- 
tioned above. 

In many instances stoning of the cutting edge to remove the wire edge 
produced by grinding has proved beneficial, and if, in addition, the flank and 
the face of the tool are polished, the decrease in friction between chip and tool 
face will reduce the generation of heat which ordinarily causes the failure of 
a cutting tool. 

In Fig. A are presented two extreme cases of finish obtained on the face 
of a planer tool. 

Tool No. 1 has been ground on the face with a cup type grinding wheel, 
as it would be ordinarily done in the shop, while Tool No. 2, after grinding 
with the same wheel, has been superfinished to a 2.5 micro-inches RMS. 

The character of the surface in the two cases is graphically illustrated by 
the Brush analyzer records in the direction and across the grinding wheel marks. 

In Tool No. 1 there is a marked difference between the two records. In 
the one taken across the grinding marks, readings of 30-50 micro-inches (RMS) 
have been obtained; while in the record taken in the direction of the grinding 
marks the reading varied between 4 to 18 micro-inches (RMS). 

The direction in which the reading was taken in Tool No. 2 is no longer 
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Fig. A—Finish Obtained on the Face of Ground and Superfin- 
ished Planer Tool. 
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important as is illustrated by the two graphs shown opposite to the Tool No. 2, 
since in this case a reading of 2.5 micro-inches (RMS) was obtained in two 
directions approximately at right angles to each other. 

The comparison between the condition of the surface of two. tools is rather 
striking and indicates that gains in tool life from 10 to 20 times, as recently 
reported with tools superfinished to 1.5 to 2 micro-inches, are possible. It is 
therefore evident that in tool-life tests it is desirable to obtain not only uni- 
formity in tool shape and angles, but also in the degree of finish on the various 
faces of the tool which are in contact with the flowing metal of the chip. 

If this were done on investigations of the type conducted by the authors 
the- correlation of results obtained by various experimenters would be easier, 
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Fig. B—A Summary of Tool-Life Tests for 10 
Minutes Tool Life. Feed 0.0127 Inches per Revolu- 
tion. (Data taken from Figs. 2 to 15 inclusive of this 
paper.) 


and in many instances the discrepancies arising by variations in the conditions 
of the tools may be avoided. Furthermore, the shop would be supplied with 
valuable suggestions as to the proper conditioning of a cutting tool for increased 
efficiency and productivity of the machine on which it is used. 

In Table I of the paper, the authors list the six steels used in the tests 
and their respective analyses. The S.A.E. X4345 steel, which is mentioned 
in their introduction, is not included in the above table, although the data 
plotted in Fig. 2 are referred to as being those for S.A.E. X4345, instead of 
S.A.E. 4340. This steel is listed in Table I, but the only reference to this grade 
of steel is in the caption of Fig. 2 and Fig. 3. 
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The composition given in Table I for S.A.E. 4340 (Heat No. 1) is actua.ly 
that of S.A.E. 4345, while that of S.A.E. 4340 (Heat No. 2) is that of S.A.E. 
X4340. 

The authors have used the term machinability interchangeably with tool 
life, but evidently tool life is specifically the object of their investigation. 
Machinability, however, includes the quality of finish of the machined surface 
and dimensional accuracy, elements which are found to be at least as important 
as tool life in actual shop work. 

In the machining of S.A.E. 4145 at 488 Brinell hardness, the authors have 
obtained erratic tool-life results, as shown at the bottom of Fig. 4 of the 
paper, but they have not advanced an explanation as to the probable causes of 
this behavior of the tool. 

It would be interesting to know whether this performance can be attributed 
to either changes in the hardness of the work material, the formation of the 
chip, or differences in the manner in which the tool failed. 

In Figs. 16 to 19 the authors have represented the values of cutting speed 
for a 10-minute tool life versus the Brinell hardness for the various steels, 
with straight lines on plain cross-section paper, and have eliminated from 
these charts all points corresponding to the mill annealed steel. 

Actually the various points, including those of mill annealed steel, lie on 
a curve of the hyperbolic type as is indicated by the group of curves shown in 
Fig. B. These curves have been obtained from the data tabulated by the 
authors in Figs. 2 to 15 inclustve. The new curves form two distinct groups 
as determined by the depth of cut, having identical characteristics, and displaced 
with respect to each other in the direction of the speed. The group for the 
0.0125-inch depth of cut being above the group for the 0.050-inch depth of cut. 

This grouping is to be expected since a reduction of depth of cut would 
cause a decrease in the amount of work done by the tool and an increase in 
tool life- In order to obtain the same tool life as in the case of 0.050-inch 
depth it is necessary to vary either the cutting speed or the feed per revolution. 
The authors have maintained the feed constant and consequently an increase in 
speed for a 10-minute tool life has resulted. 

From a practical viewpoint the arrangement of the various curves indi- 
cates a fact, already known, however, by the shop, that light cuts can be taken 
at higher cutting speeds than deep cuts and with approximately no change in 
tool life. It indicates, also, that the cutting speed is governed by the hardness 
of the material being cut, and as the hardness increases the cutting speed should 
be accordingly decreased. Curves of similar type would have been obtained 
for the tool-life test of 360 minutes, but the authors have not given the actual 
data except that contained in charts shown in Figs. 18 and 19. 

The authors have indicated an interesting correspondence between the 
grouping of the six steels in Figs. 16 to 19 inclusive with that shown in Fig. 20 
obtained from the Jominy hardenability test. In accordance with these tests 
S.A.E. X4345 (Heat No. 1) has the highest hardenability rating, but it does 
not exhibit equally remarkable difference in the tool-life tests. Actually, for 
the same tool life in the light-cut tests S.A.E. 4645, 3145 and 4145 show a 
higher cutting speed and consequently a higher machinability rating than 
X4345. In the heavy-cut tests S.A.E. 3145 is equally as good as X4345, vet 


‘ 
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S.A.E. 3145 has the lowest hardenability rating of the alloy steels tested. 
The writer had the opportunity recently of milling S.A.E. 4345 ad 
NE 8949 (National Emergency Steels—The A.S.M. Fig. 16) with a spiral 
mill under identical conditions of cut. 
The two alloy steels have approximately equal depth hardening properties, 
yet they are widely different as to composition, which is given as follows: 


S.A.E. 4345 C. 0.40-0.50 NE 8949 C. 0.45-0.52 
Mn. 0.50-0.80 Mn. 1.00-1.30 
Cr. 0.60-0.90 Cr. 0.40-0.60 
Ni. 1.50-2.0 Ni. 0.40-0.60 
Mo. 0.15-0.25 Mo. 0.30-0.40 


On the basis of hardenability rating the two steels should have exhibited 
approximately equal cutting performance, but this was not the case, since 
NE 8949 required more power and gave a poorer surface finish than S.A.E. 
4345, which exhibited excellent cutting conditions. 

While hardenability or depth hardness may be suggestive of interesting 
qualitative differences as to the response of alloy steels to heat treatment, it is, 
as yet, not very clear what the correspondence is between hardenability and 
tool life rating of alloy steels. A better correspondence may, perhaps, be found 
by relating tool life to the work-hardening properties of the steel being cut. 

The authors should be congratulated for having added useful information 
on the subject of metal cutting, and it is hoped that they will be able to 
present, in the near future, similar data on the National Emergency Steels, of 
which very little is known as to their behavior under the action of a cutting 
tool. 


Oral Discussion 


E. M. Murpuy:’ Are there any electric furnace steels mixed up in this 
test? 

Proressor Boston: I cannot answer this question now as the company 
sponsoring the project selected the steels. I doubt if any electric furnace steels 
were included, however. 

Mr. MurpHoy: Have you gone any farther with the analysis other than 
is shown here, for instance, aluminum or nitrogen? 

Proressor Boston: No, we have not. 

Mr. Murpuy: I think the presence or absence of some of these elements 
may explain the differences. 

Proressor Boston: It would have been more satisfactory had we been 
able to explain all inconsistencies by more detailed analyses and micrographic 
pictures. 

Mr. Murpuy: I think a photomicrograph of the mill annealed structures 
would help. If photomicrographs of the structure as furnished by the mill were 
available, the picture of that structure would certainly help to explain the 
difference obtained in the machinability. 

You would hardly expect to get the machinability rating on a completely 
spheroidized 0.40 to 0.45 per cent carbon material as high as that obtainable 
on a good mill annealed bar. 


1Division metallurgist, American Steel and Wire Co., Cleveland. 
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In the range of carbon under consideration, the mills would probably 
furnish a structure with about 50 per cent disintegrated pearlite, and may even 
have had a cold draft in addition. By drawing back a quenched bar to the 
low Brinells indicated by the mill annealed material, a completely spheroidized 
structure would be obtained which could hardly be compared in machinability 
with the mill annealed disintegrated pearlitic cold drawn. If it is at all pos- 


sible to include these photomicrographs, I believe it would make a very worth- 
while addition to this already fine paper. 


Authors’ Reply 


The steels under consideration were carefully selected at random from com- 
mercial heats as we wanted to reproduce commercial conditions. We attempted 
to duplicate a typical set of cutting conditions, such as a commercial size of 
cut, a typical cutting fluid, a typical tool material and shape, and a typical 
operation. However, it is recognized that many of these typical conditions in 
one plant are not typical in another. Perhaps this is the answer to a number 
of questions raised. 

Mr. DeSimone of Curtiss Propeller asks, first, the effect of the McQuaid- 
Ehn grain size on the machinability of the materials in the heat treated condition. 

All steels reported on had a grain size of 6 to 7 as shown in Table I. 
One bar of S.A.E. X 4340 of 2 to 3 grain size was subsequently tested and no 
difference in results was evident.. This may have been a coincidence, as in 
some steels two heats were tested of the same analysis and grain size and 
different results were obtained. We may expect, as we go to still smaller 
McQuaid-Ehn grain sizes, that there might be some differences. We are not 
able to say at this time just which direction the changes will take, whether 
higher speeds or lower speeds will result. 

The second question which Mr. DeSimone asks is whether there was any 
difference in surface finish between these six steels which were machined. It 
would be quite difficult,,if we had tried it, to obtain such a quantitative differ- 
ence between the steels. However, by visual observations, it did appear that 
the X 4340 steel had a more lustrous machined surface than the others which 
were very similar. The surfaces were so rough that it would be difficult to get 
profilometer or Brush analyzer readings on them. 

The third question was in regard to the accuracy of the tests—that is, what 
deviation of test data occurred? That is a variable thing. It varied amongst 
the steels we tested, but normally results can be duplicated within plus or 
minus 10 to 15 per cent on tool life for any given cutting speed. Considering 
the slope of those straight lines or curves, the cutting speed would duplicate 
itself for a given tool life within about one-half of one per cent. Actual experi- 
mental points are shown plotted in Figs. 2 to 15 inclusive. 

The question of machinability rating of the mill annealed versus the 
quenched and tempered steels has been raised by others and is discussed below. 

The authors agree with Mr. Morton, who also states that photomicrographs 
of the structures of the various steels might explain some of the variations. 
Unfortunately, however, these photomicrographs were not available. I believe 
Mr. Morton’s observations are correct when he states that better machinability 





978 TRANSACTIONS OF THE A. S. M. December 


results on normalized S.A.E. 3140 and 2340 steels than on these steels in an 
annealed condition even though the hardness of the normalized structure is 
higher than that of the annealed. It follows from this that for the same 
hardness the normalized steels would likely have superior machining properties. 

Dr. Martellotti discusses in some detail the influence of the surface of the 
ground face and flank of the tool. While surface quality in micro-inches was 
not given for the tools used in these tests, the mechanical means of obtaining 
the finishes were given by specifying clearly the wheels used. By using the 
320 grit silicon carbide wheel as a finishing operation for these surfaces, very 
good surface quality was obtained, which was maintained constant for the 
various tools. The authors have learned that to obtain constant results in 
such machinability studies, the tool shape and grinding finish must be kept 
uniform within very close limits. 

Dr. Martellotti raises a question as to the S.A.E. 4340 steel modified, data 
for which are shown graphically in Fig. 2 with the analysis shown in Table I. 
There is no standard S.A.E. 4345 steel, even though the carbon content might 
classify them in this group. The steel should, therefore, be referred to as 
S.A.E. X 4340 modified, rather than as X 4345. 

The authors have used the cutting speed tool-life relationship as the basis 
of machinability rating in this paper. Reference was made to finish of the 
machined surface, but as a separate qualification. The authors believe that 
whenever machinability ratings are expressed or are referred to, the basis used 
should be clearly set forth as has been done in this paper. It is recognized 
that the material having the best machinability rating would offer the highest 
tool life for a given cutting speed, the best surface quality, the most convenient 
form of chips, and maintain the most desirable dimensional accuracy. -These 
several factors, however, occur only infrequently together as in the case of free- 
cutting brass, leaded free-cutting steel, magnesium, etc. In other words, long 
tool life might be available for a given metal with a poor surface = and 
with long continuous chips which are considered unsatisfactory. 

The fact that the S.A.E. 4145 steel gives erratic tool-life results when being 
turned at the highest hardness of 488 Brinell was believed to be a function of 
the structure at this hardness rather than any fault of analysis, the tool, or 
cutting fluid. It was the only instance encountered in all of the tests reported 
in this paper and presumably might be explained by the microstructure of the 
steel, which unfortunately is not available at this time. 

Dr. Martellotti discusses further the correlation of the machinability data 
obtained on the various steels in both the quenched and tempered, and the 
mill annealed condition. Conclusion No. 5 carefully pointed out that inasmuch 
as a different type of structure is obtained in the mill annealed steel than in the 
quenched and tempered condition, even though the hardness may be identical, 
differences in machinability do exist for some of the steels. It was thought, 
therefore, unwise to attempt to correlate the machinability for these two unlike 
structures, as Dr. Martellotti has done in his Fig. B. They do give satisfactory 
correlation for some of the steels, but poor correlation for others as has been 
pointed out. The machinability of the mill annealed structures, which may 
vary a great deal, presents a problem which should be covered in more detail 
by itself. It was for these reasons that the curves for the mill annealed bars 
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were shown as dashed lines in Figs. 2 to 15 inclusive. It is felt that Dr. 
Martellotti is comparing apples and pears in his Fig. B by trying to fit the 
machinability ratings, Vi, of each steel for the various hardnesses obtained by 
annealing and by quenching and tempering as discussed by Mr. Murphy. It is 
seen that with all points omitted on the chart for hardness less than 200 Brinell, 
that is, those obtained by mill annealing, the points of like character for the 
quenched and tempered structures give nearly straight lines. These are the 
lines shown by the authors in Figs. 16 to 19 inclusive. 

The comparison of machinability and analyses of S.A.E. 4345 and NE 8949 
steels given by Dr. Martellotti is interesting. The NE steels were selected on 
a basis of hardenability to replace the S.A.E. high-alloy steel. The authors 
do not believe that power requirements or surface finish give a good indication 
of machinability rating based on cutting-speed tool life. The authors have 
many reports, however, which indicate that the machinability based on tool life 
of the substituted NE steels is about the same or perhaps 10 per cent higher 
in productive output than the high alloy steels of equal hardenability which 
they replace. More is being learned daily on this subject. 

The authors very much appreciate the interest shown in this paper. It is 
felt that the questions raised have helped to clarify the results and have added 
materially to the value of the paper. 





THE METALLOGRAPHY OF GALVANIZED SHEET STEEL 
USING A SPECIALLY PREPARED POLISHING 
MEDIUM WITH CONTROLLED pH 


By D. H. RowLanp anp O. E. Romic 


Abstract 


The preparation of cross sections of galvanized sheet 
steel for photomicrography at magnifications of 500 and 
1000 diameters is discussed. The details of preparation 
and use of a specially prepared alumina polishing medium 
are described in which the pH is controlled. Photomicro- 
graphs are shown illustrating the results obtained. 


INTRODUCTION 


ROGRESS in the field of metallography has been relatively 

rapid in the last decade. Although marked improvements have 
been made in microscopes, polishing equipment, and abrasives, the 
superior quality of the majority of photomicrographs of metallic 
coatings appearing today in the literature is very largely due to the 
persistence of the metallographer in the development of special tech- 
niques for revealing the structure to be photographed. In view of 
the advances that have been made, therefore, it seems astonishing 
that there has been so little improvement in the quality of photo- 
micrographs of galvanized sheet steel shown in the literature. The 
lack of detail exhibited in the majority of these photomicrographs 
has, beyond doubt, been due to polishing and etching difficulties 
which appear to be peculiar to galvanized coatings; for example, the 
tendency of the zinc to stain or darken during polishing with abrasives 
suspended in water, and its inclination to etch nonuniformly. In an 
effort to overcome the first of these obstacles, metallographers have 
resorted to such expediencies as various modifications of dry polish- 
ing, either by hand or on rotating laps, and suspension of polishing 
abrasives in organic liquids. 

Dry polishing has the disadvantage that it excessively flows the 
metallic surface being polished and thus adds to etching difficulties. 





A paper presented before the Twenty-fourth Annual Convention of the So- 
ciety held in Cleveland, October 12 to 16, 1942. Of the authors, D. H, Rowland 
is senior metallurgist, and O. E. Romig is assistant research engineer, Research 
Laboratories, Carnegie-Illinois Steel Corp., Pittsburgh. Manuscript received 
June 10, 1942. 
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The authors have experimented with abrasives in numerous organic 
liquids but none have been found which are the equal in cutting 
power of water suspensions so far as metallography is concerned. 

The present paper describes in detail a method for polishing 
and etching galvanized coatings which, with practice, is capable of 
producing detail, freedom from scratches, stains, and beveling 


where photomicrographs at 500 and 1000 diameters magnification 
are desired. 


RELATION OF POLISHING PROCEDURE AND Mepium to MertraAL- 
LOGRAPHY OF GALVANIZED SHEET STEEL 


Nonferrous metallic coatings on steel are, as a rule, consider- 
ably softer than the steel base to which they are applied. This 
differential hardness frequently results in undesired rounding or 
beveling when such specimens are polished for metallographic ex- 
amination. Two methods for overcoming this difficulty are in 
general use: (a) the edges of the coatings are supported by some 
material equal to or approaching the hardness of the steel base; 
(b) alternate etching of the-steel base and coating in order to 
maintain the two at the same level during polishing. As a matter 
of fact, where it is possible to do so, both of these methods are 
employed simultaneously and usually yield excellent results. In 
the case of galvanized coatings, however, the authors have dis- 
covered no etchant which will attack the steel and not the coating. 
Hence, if the two are to be maintained at the same level during 
polishing, the use of a very sharp, fast cutting abrasive is essential. 
Further, neither the abrasive nor the liquid in which it is suspended 
should chemically attack the zinc coating, otherwise the coating 
will darken and a difference in elevation will result. 

Since the majority of abrasives used in metallographic work 
partially hydrolyze in water to produce a certain degree of acidity 
or alkalinity, it can be stated without reservation that this hydrolysis 
has been one of the prime factors responsible for the poor results 
obtained in polishing cross sections of zinc coatings. Among the 
hard abrasives, properly prepared alumina possesses most of the 
desired properties as a metallographic abrasive for metallic coat- 
ings on steel, namely, cleanliness, sharpness, and reasonably good 
stability in water. 

The prepared alumina sold under the trade name ‘“Tonerde’”’ 
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proved to be the best abrasive obtainable for polishing cross 
sections of many types of metallic coatings. It was found, how- 
ever, that because of its alkalinity “Tonerde” was unsatisfactory 
as a polishing medium for galvanized coatings since it severely 
stained the zinc. The alkalinity of “Tonerde” appears to be 
inherent in its manufacture and attempts by the authors to con- 
trol the pH of this material have so far proven unsuccessful. 

In an effort to prepare a satisfactory abrasive, various 
aluminum salts were decomposed by roasting to form alumina. 
It was found after considerable experimentation that the sulphate 
of aluminum yielded a uniformly fine grade of alumina, a water 
suspension of which possessed excellent cutting qualities. How- 
ever, when used to polish galvanized coatings it, too, caused severe 
staining of the zinc. It was suspected that the abrasive might be 
acid in character due to the hydrolysis of the undecomposed sul- 
phate. A pH determination indicated this to be the case. In 
order to reduce the amount of sulphate in the ignited product to 
a minimum and thus facilitate the control of the pH value two 
courses were open, either prolonged ignition or to ignite for a 
shorter period of time and remove the remaining sulphate with 
hot distilled water. The latter course proved to be the more prac- 
tical from the standpoint of time saved since aluminum sulphate 
is readily soluble in hot water. The abrasive thus prepared, after 
a slight pH adjustment, worked perfectly for all types of galvan- 
ized coatings regardless of the amounts or nature of the im- 
purities in the coatings. 


DISCUSSION OF PHOTOMICROGRAPHS 


The photomicrographs, Figs. la to lc, inclusive, illustrate the 
effect of pH control. In Fig. la it was found impossible to prevent 
attack and darkening of the zinc due to the slightly acid reaction of 
the polishing medium. This etching was apparent in varying degree 
with all polishing media of pH below 7.0. In Fig. 1b, with the pH 
on the alkaline side, the zinc is also attacked and darkened when the 
pH was higher than about 7.6. Fig. lc shows the result possible 
with closely controlled pH, 7.0 to 7.6, after polishing and etching. 
The alloy layers are thus clearly revealed and the zinc remains white. 
Prior to use of a controlled pH abrasive, variable results were ob- 
tained with different types of galvanized coatings. Fig. 2 shows a 
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Fig. la—Cross Secticn of Commercial Galvanized Coating Polished with Alumina 


Abrasive Having a pH of 5.7. Average Coating Weight 1.68 Ounces Per Square 
Foot.* Etch: Due to Polishing. x 500. 

Fig. 1b—Same Specimen as in Fig. la Polished with Alumina Abrasive Having 
a pH of 8.2. Etch Due to Polishing. x 500. 

Fig. 1c—Same Specimen as in Fig. la Polished with Abrasive Having a pH of 
7.3. Etched with Nitric Acid in Amyl Alcohol. x 500. 


type of coating with rather heavy, uniformly thick alloy layer. This 
layer is thought to be FeZn, while the layer next to the steel base is 
often termed FeZn,. In Fig. 3 only one alloy layer is apparent. 
With aluminum in the spelter there is some evidence that the alloy 
layer is FeAl,. Fig. 4 shows the effect on alloy layer thickness of 
further increasing the aluminum content of the spelter. Here again 


"Coating weight here and subsequently means a square foot of sheet coated on both 
sides. Coating on one side only would be half the indicated value. 
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Fig. 2—Commercial Galvanized Coating Polished with pH Controlled Abrasive. 
Average Coating Weight 1.01 Ounces Per Square Foot. Etched with Nitric Acid in 
Amy! Alcohol. x 500. 


Fig. 3—Galvanized Coating Containing Approximately 0.15 Per Cent Aluminum. 
Polished with pH Controlled Abrasive. Average Coating Weight 0.88 Ounce Per 
Square Foot. Etched with Nitric Acid in Amyl Alcohol. x 500. 


Fig. 4—Galvanized Coating Containing Approximately 0.20 Per Cent Aluminum. 
Polished with pH Controlled Abrasive. Average Coating Weight 1.44 Qunces Per 
Square Foot. Etched with Nitric Acid in Amyl Alcohol. x 500. 


the alloy layer may be FeAl, rather than an iron-zinc intermetallic 
compound. Figs. 5 and 6 at 1000 diameters are shown to #llustrate 
the clarity possible in revealing the iron zinc alloy which is present 
in the outer zinc layer. Since tin was present in the coating shown 
in Fig. 6 the sprinkling of alloy in the outer layer of zine is thought 
by some investigators to consist of a tin-zinc eutectic. As a general 
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Fig. 5—Commercial Galvanized Coating Polished with pH Controlled Abrasive. 
Average Coating Weight 1.58 Ounces Per Square Foot. Etched with Nitric Acid 
in Amyl Alcohol. x 1000. 

Fig. 6—Commercial Galvanized Coating Polished with pH Controlled Abrasive. 
Average Coating Weight 1.71 Ounces Per Square Foot. Etched with Nitric Acid 
in Amyl Alcohol. xX 1000. 

rule, except in cases of an extremely thin alloy layer, no advantage 


is gained by employing a magnification greater than 500 diameters. 


PROCEDURE FOR THE PREPARATION OF THE POLISHING ABRASIVE 


In the preparation of alumina from aluminum sulphate the 
technical grade, Al,(SO,),.18H,O, may be used and is compara- 
tively cheap, although it has the disadvantage that the water of 
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crystallization must be driven off prior to roasting. Commercially 
dried powder which contains less water (about 20 per cent) does not 
require heating prior to roasting. 

The dried aluminum sulphate is roasted at 1850 to 2000 
degrees Fahr. (1010 to 1093 degrees Cent.) in a porcelain or silica 
receptacle for a period of time ranging from 2 to 5 hours, de- 
pending on the depth of the sulphate in the container. Where 
facilities are available, the higher temperatures are recommended 
because of the better cutting quality of the alumina. Rabbling 
from time to time shortens the time required for ignition, care 
being taken to avoid contaminating with foreign material from 
the interior of the furnace. The ignition should be performed 
under a hood since SO, fumes are corrosive. The roasted prod- 
uct is then cooled, approximately 40 times its weight of distilled 
water added, and the whole passed through a 200-mesh sieve to 
break up the curds. Gentle rubbing with the fingers assists in the 
sieving operation. All of the alumina should pass through the 
sieve and if difficulty is encountered more distilled water may 
be added. If, after sieving, more than the original volume of 
water is present, the excess should be decanted. 

The next step is the leaching operation. The aqueous suspen- 
sion of alumina is heated to boiling and allowed to cool. After 
the alumina has settled the water is decanted, fresh distilled water 
added, and the suspension again brought to a boil. This pro- 
cedure is repeated until tests with BaCl, solution indicate that all 
but a trace of the sulphate has been removed. The more thoroughly 
the sulphate is removed, the easier will be the control of the pH of 
the final product. The BaCl, test is made as follows: to approxi- 
mately 50 ml of each leaching solution (alumina removed by filtering 
if necessary to obtain a clear solution) a few drops of concentrated 
hydrochloric acid is added followed by 10 ml of 10 per cent aqueous 
BaCl, solution. Heat to boiling and allow to stand for 5 
minutes. The appearance of a white precipitate, BaSQ,, indicates 
that further leaching is necessary. After the last leaching treat- 
ment the ratio by weight of alumina to water should still be about 40 
to 1, which is the correct ratio for polishing. Levigation before use is 
unnecessary. 

The final step is the adjustment of the pH of the abrasive to 
a value between 7 and about 7.6. This can readily be accomplished 
since the abrasive after leaching is substantially neutral, pH 7. It 
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is desirable to have the abrasive faintly basic because such a 
solution has good wetting qualities. It should be emphasized. 
however, that if the pH reaches a value in the neighborhood of 8. 
the zinc coating will probably stain. The pH is controlled by 
adding a few drops of an aqueous solution of triethanol amine 
(0.1 gram of the amine in 200 ml of distilled water). This 
particular base was selected because it is an effective peptizing 
agent and has a low pH value. The pH is determined by means of 
the indicator “phenol red” (0.001 gram of the dye dissolved in 25 
ml of a 50-50 mixture of absolute ethyl alcohol and distilled water). 
Five drops of the indicator in 10 ml of the polishing suspension 
should produce a faint pink color, assuming that the pH has been 
correctly adjusted. If too much of the amine has been added it is 
only necessary to decant part of the water after the abrasive has 
settled and then add an equal volume of distilled water. The alka- 
linity can thus be reduced to the required pH value. 


OUTLINE OF PROCEDURE IN THE METALLOGRAPHIC PREPARATION OF 
Cross SECTIONS OF. GALVANIZED SHEET STEEL. 


1. Dip galvanized specimens in bakelite lacquer (Bakelite lac- 
quer BL 3128, Bakelite Corporation, Bound Brook, N. J.), 
dry and bake according to directions supplied with the lacquer. 


2. Two methods of mounting may be employed: 


(a) Mount between steel or bakelite end blocks held 
together by bolts. 

(b) Mount in a bakelite press using a temperature of 
about 290 degrees Fahr. (143 degrees Cent.) and 
a pressure of 2000 pounds per square inch. 


For the highest quality work only five or six specimens 
should be mounted in each block, the fewer the better. 
3. Surface grind to obtain flatness. 


4. Hand grind on 0, 2/0, and 3/0 emery or carborundum metal- 
lographic papers. 

5. Final grinding on vertical lap covered with 3/0 metallo- 
graphic paper impregnated with graphite. Lap speed— 
1000 to 1200 revolutions per minute. 

6. Preliminary polish with pH controlled alumina abrasive on 
horizontal lap covered with high grade woolen broadcloth. 
Lap speed—300 to 500 revolutions per minute. 
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Alternate polishing and etching desirable to remove cold 
work due to rough grinding. Etching time about 10 to 20 
seconds with etchant described under 8. This should be a 
light etch, otherwise beveling will occur. 


7. Final polish with pH controlled alumina abrasive on hori- 
zontal lap covered with high grade silk velvet. Lap speed 
—300 to 500 revolutions per minute. 

This is a polish of short duration intended to remove 
scratches and smooth the zinc coating. 

8. Etching procedure to reveal the iron-zinc alloy layer on 
galvanized sheet steel: After final polish etch from 20 to 90 
seconds, depending on the specimen, in a mixture of nitric 
acid in amyl alcohol (fusel oil). Any of the commercial 
grades of amyl alcohol may be used. 


3 drops of HNO, (conc) 
50 ml amyl alcohol 


This etchant is not stable and should be used within an hour 
after it is prepared. 


mix well 


The application of bakelite lacquer serves a double purpose; it 
forms a hard shell which helps support the edges of the zinc coating, 
and it acts as a divider between specimens. Since the lacquer is quite 
brittle after baking, specimens should be cut to size before it is 
applied. To obtain tight mountings the liquid bakelite should not 
be allowed to pile up on the edges of the specimens before baking. 
Should difficulty be experienced in securing a tight mounting, a 
strip of cellophane between each two lacquered specimens after 
baking will, as a rule, eliminate the trouble. 

After the specimens have been mounted the use of a machine 
shop, surface grinder is unexcelled for obtaining a flat polishing 
surface. Other means may be used, however, such as belt grinders, 
grinding wheels, or filing. 

The final grinding operation, in which 3/0 graphite impregnated 
metallographic paper is used on a vertical lap, removes the need of 
coarse abrasives in subsequent polishing operations. The paper is 
impregnated with graphite by rubbing it with a piece of electrode 
carbon or its equivalent. The vertical lap is preferable to the hori- 
zontal type because it does not readily collect dust or grit. Specimens 
should either be rotated around the lap, using light pressure, or 
moved back and forth from the center to the edge. If the latter 
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procedure is followed, the long axis of the sheet specimens should 
be maintained parallel to the direction of travel of the lap. This 
avoids scoring the edges of the coating. 

The pH controlled alumina is used in both preliminary and 
final polishing., A thoroughly broken-in woolen broadcloth with 
a short pile is desirable for the preliminary polish. (A wool cloth sold 
by Adolph I. Buehler, Chicago, Illinois, under the trade name AB 
Miracloth is excellent for the purpose.) Alternate polishing and 
etching with the nitric acid in amyl alcohol is employed until the zinc 
coating is well defined, each polishing lasting only long enough to 
remove the effects of the previous etch. The preliminary polish may 
suffice for most work, but in cases where an exceptionally good job 
is demanded it is desirable to resort to the final polishing operation. 

A high grade silk velvet (black), obtainable at most depart- 
ment stores, is used for the final polish. Prior to use, the silk velvet 
should be immersed in several changes of boiling distilled water 
until the water is no longer colored by the dissolved dye. This step 
serves to soften the velvet and minimizes the possibility of the dye 
staining the zinc coating during polishing. The final polish, using 
fairly heavy pressure on the specimen, ordinarily requires from 30 
seconds to 1 minute and is intended primarily to smooth the zinc 
coating. In both preliminary and final polish the specimen should 
be rotated and never held in one place on the wheels. If possible the 
velvet should be kept moistened or wet between polishings. 

Polished specimens should be dried the instant they are taken 
from the polishing wheels and for this reason the wheels are run 
relatively dry. Blowing on specimens after removal from the wheels 
should be sufficient to dry them. If the wheels are run too dry, how- 
ever, the abrasive will not cut. A little practice will clear up this 
point. 

Polished specimens should never be washed in tap water, dis- 
tilled water, or even absolute ethyl alcohol before etching, otherwise 
a considerable amount of staining is almost certain to occur. A pro- 
cedure which has proven entirely successful is as follows: (1) swab 
the polished specimen gently with cotton in amyl alcohol to remove 
particles of abrasive; (2) dry, preferably with an air blast, and etch; 
(3) rinse first in amyl alcohol and then in absolute ethyl alcohol; (4) 
dry in air blast. The volume of each of these solutions should be 
about 50 ml. Specimens can usually be re-etched several times with- 
out danger of staining. 
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DISCUSSION 


Written Discussion: By E. A. Anderson and J. L. Rodda, Research Divi- 
sion, New Jersey Zinc Company (of Pa.), Palmerton, Pa. 

We have read this paper with considerable interest, because there has very 
definitely been a need for improvements in the technique of preparing micro- 
sections of hot dip, zinc-coated steel. We wish to compliment the authors 
on the excellent micrographs included in the paper. 

Without denying the validity of the authors’ conclusions with regard to 
the importance of control of pH in polishing abrasives, we would point out that 
it is unfortunate that Figs. la, 1b, and lc do not permit the reader to formu- 
late his own conclusions on this point. Had Fig. lc been presented without the 
final etch or had Figs. la and 1b represented the conditions of final etching, 
a true comparison of structures could have been obtained. Perhaps the authors 
will wish to incorporate supplementary photomicrographs in the discussion to 
cover this point. 

In the absence of evidence of this sort, one would be inclined to attribute 
the superior quality of the microspecimens to the particular technique used. It 
is noticeable that the procedure, as outlined on pages 987 and 988 of this paper, 
minimizes the amount of polishing on cloth wheels. One might expect that 
this alone would reduce the amount of edge rounding. 

Written Discussion: By H. S. Rawdon, chief, division of metallurgy, 
National Bureau of Standards, Washington, D. C. 

Anyone interested in the microstructural study of zinc coatings on steel 
will be deeply grateful to the authors of this paper for this very helpful con- 
tribution they have made. The inability to prepare a microsection of a zinc 
coating without etching and roughening it somewhat at the same time has been 
a sore trial and a continual annoyance to the writer for many years. Most 
workers in this field have had to content themselves with a fair preparation 
of the coating and to ignore the abundant grinding and polishing scratches 
which still persisted in the steel. The micrographs given by the authors are 
truly remarkable. 

One aspect of the authors’ presentation which has appealed particularly to 
the writer relates to the coatings containing aluminum. It has been known for 
some time that the presence of aluminum in a zinc coating confers certain 
superior characteristics and within the past few years advantage has been 
taken of this fact and a zinc-coated sheet product has been commercialized 
which has remarkable properties under severe deformation such as drawing, 
cupping, and the like. 

The effect of aluminum in inhibiting the formation of the zinc-iron alloy 
layer has been very clearly shown by the authors in their Figs. 3 and 4. It is 
not difficult to understand why a sheet carrying a zinc coating in which the 
alloy layer has been reduced almost to the vanishing point, as in Fig. 4, should 
withstand cupping substantially as well as the bare steel sheet would do. 

To anyone familiar with commercial practice relating to galvanized sheet 
steel, the authors’ method of expressing the unit weight of coating will be 
entirely clear. To some others, however, who may not be so well informed 
on this point, “0.8 oz. per square foot”, e.g., may be somewhat misleading. A 
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statement, preferably in the figure legend, would be in order explaining that 
what is referred to is a square foot of sheet coated on both sides and not a 
square foot of coating on one side of a sheet. Thus, a coating of “0.8 oz. per 
square foot” is really only 0.4 oz. per square foot of coating. 

Written Discussion: By F. R. Morral, assistant professor of metallurgy, 
Pennsylvania State College, State College, Pa. 

This paper is of interest to all metallurgists who have to deal with the 
examination and study of galvanized coatings. The micrographs presented cer- 
tainly recommend their polishing technique. The method of etching, however, 
does not advance the art since it does not make possible the differentiation 
between the various phases present in the coating. The properties of the coat- 
ing depend on the iron-zinc phases present and therefore the development of 
a proper and simple etching technique seems desirable for industrial control. 

On page 983 the authors indicate the possible presence of the two alloy layers, 
while by X-ray diffraction of such coatings the presence of three layers’ cor- 
responding to the phases present in the iron-zinc binary phase diagram’ have 
been found. These were: Fe;Znn (or FeZn; according to the authors),? FeZn:; 
and FeZn:;. In a previous paper*® we have indicated the amounts of the vari- 
ous layers present estimated from a coating such as shown in Fig. Ic. 

Comparing Figs. 3 and 4 of the paper with the text, a question arises. 
The alloy layer is supposed to be FeAls. Fig. 3 having the larger thickness 
of alloy layer containing 0.15 per cent aluminum, while Fig. 4 contains 0.20 
per cent aluminum. I have seen coatings of similar nature containing 0.47 
per cent aluminum and 2.27 per cent iron in the coating, yet the intermetallic 
compound present was less than that shown in Fig. 4. It would be of interest 
to know the nature of the evidence the authors have on this alloy being FeAl. 

Written Discussion: By W. Bruce Leffingwell, metallurgist, Sharon Steel 
Corporation, Sharon, Pa. 

Examination of the photomicrographs which have accompanied much of 
the literature dealing with coated products raises a suspicion that the dearth 
of knowledge on the structure of coatings has been very largely due to poor 
metallography. Messrs. Rowland and Romig, in’ perfecting a truly practical 
technique, have done a pioneering job that should bear precious fruit in this 
branch of metallurgy. 

However, I do not concur with them in their interpretation of the photo- 
micrograph shown in Fig. 6. The sprinkling of irregular patterns, which seem 
to occur in the zinc layer as well as in the zinc-iron alloy layer, do not, in my 
opinion, resemble a tin-zinc eutectic mixture. The authors do not give the 
percentage of tin present in the coating represented by Fig. 6. However, tin 
in any appreciable amount is easy to detect. I have never found that the addi- 
tion of tin to the pot metal has any noticeable effect on the zinc-iron inter- 
metallic layers. As shown in the attached micrographs Figs. A, B, and C, 
the tin forms a eutectic mixture with the zinc on cooling. Figs. B and C show 


1Clark and Stillwell, Industrial and Engineering Chemistry, (An.Ed.), Vol. 2, 1930, 
p. 266. 


2Morral and Miller, Transactions, American Institute of Mining and Metallurgical 
Engineers, Vol. 143, 1941, p. 158. 


8J. L. Bray and F. R. Morral, “Zinc Coatings—Unit Operations, Costs and teats 
Surface Treatment of Metals, published by American Society for Metals, 1941, p. 108. 
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Fig. A—Commercial Galvanized Coating Showing Tin in Oblique 
Patches. Average coating weight 1.95 ounces per square foot. 14.9 per 
cent tin in coating. Very light etch in nitric and hydrofluoric acid dis- 
solved in glycerine. XX 500. 
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Fig. B—Same Specimen as in Fig. A but Heavier Etch to Develop 
Two Iron-Zine Intermetallic Compound Layers. X< 500, 


two iron-zinc intermetallic compounds revealed by prolonged etching. 

The technique employed was a modified version of the authors’ method 
outlined in their paper on the “Metallography of Tin and Zinc Coating on 
Steel”, which they presented at the October 1939 meeting of Institute of Metals 
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Fig. C—Same Specimen as on Fig. B. X 2000. 


Division of the American Institute of Mining and Metallurgical Engineers. 
The technique, as modified, is as follows: 
1—Mount specimen in clear bakelite. 
2—Flatten by stroking specimen across a large file. 
3—Hand grind specimen with numbers 150 and 240 emery cloth, followed 
by numbers 1/0, 2/0, 3/0 and 4/0 metallographic paper. 
4—Polish 2 to 4 minutes with a thin paste of chromium sesquioxide sus- 
pended in ethylene glycol monobutyl ether on a soft broadcloth lap at 
slow speed (500 R.P.M.). The abrasive is prepared by repeated levi- 
gation of powdered chromium sesquioxide, C.P., in water, rejecting 
coarser particles which settle first. The oxide, properly levigated, is 
washed two or three times with ethylene glycol monobutyl ether to 
remove water. This abrasive is fast cutting, nonetching, and is espe- 
cially suitable for routine work. 
5—Wash specimen in absolute alcohol. Dry with hot air blast. 
6—Etch lightly. (4 drops nitric acid, 2 drops hydrofluoric acid, 30 ml. 
glycerine). 
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7—Wash under tap, followed by absolute alcohol. Dry. 

Much work remains to be done on the structure of zinc coatings. Appar- 
ently there are at least three, and possibly five, intermetallic compounds of zinc 
and iron. Metallographic science is in sore need of a suitable method of identi- 
fying these compounds as they occur on coatings, as well as data on their prop- 
erties and the variables (such as time, temperature, cooling rate, alloying ele- 
ments, etc.) which may affect their formation and growth. Coating problems 
have been too much relegated to the shop. Sound research, based on the sort 
of technique that the authors have been developing in their laboratory, would 
contribute much to a better knowledge of coating problems. 


Authors’ Reply 


We appreciate the complimentary remarks and helpful criticism of those 
who have commented on the paper. Referring first to that offered by Messrs. 
Anderson and Rodda, the authors, in order to conserve space, thought it would 
be permissible to omit an unetched coating section since Fig. lc shows the zinc 
as a perfectly white constituent. However, Fig. F has now been prepared. 
Figs. la and lb are repeated in Figs. D and E for comparison with Fig. F 
which exhibits the same specimen in the unetched condition after polishing by 
the method described. It is true that the new polishing medium minimizes the 
amount of polishing necessary -on cloth wheels. However, even with a very 
short polishing time, etching will result if the pH of the polishing medium is 
not controlled. 

We agree entirely with Dr. Rawdon’s remarks and are glad that he has 
called attention to the meaning of the term ounces per square foot. It is true 
that some readers may be confused as to whether one or both sides of the 
sheet are considered when the commercial term is used to express coating 
weight. An explanatory note has been inserted at the bottom of page 983. 

Professor Morral’s remarks concerning the composition of the alloy layers 
observed on galvanized steel are pertinent. The present authors have avoided 
any definite statement concerning the composition of the compounds. Although 
we were familiar with the work of Bablik and with Professor Morral’s X-ray 
work on the structure of galvanized coatings, it seemed preferable for the sake 
of simplicity to mention only the simpler compounds as possible compositions, 
although some of them may now be considered questionable. The present 
authors’ opinion is that considerable work remains to be done before the com- 
position of the alloys formed can be definitely proven. We believe that the 
composition of the steel base and the zinc must be carefully considered in such 
work. It may well be that the composition as given by Bray and Morral in 
“Surface Treatment of Metals”, published by the American Society for Metals, 
1941, page 114, Table IV, may prove to be correct. In Figs. 3 and 4, the alloy 
layers appear to be similar although the authors have no definite evidence of 
the exact composition of the compound for these particular samples. Some 
work has been done at this laboratory which indicated a composition approxi- 
mating very closely FeAl: It does seem anomalous that the amount of alloy 
should decrease with increasing aluminum content and yet retain the composi- 
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Fig. D—Same as Fig. la, pH 5.7. Xx 500. 

Fig. E—Same as Fig. 1b, pH 8.2. X 500. 

Fig. F—Same Specimen as Above Polished with Abrasive Having a pH of 7.3. 
< 500. All of above samples unetched. Any etch observed is due to polishing only. 


tion FeAl, This is a question which requires further work. We believe that 
close co-ordination between X-ray and metallographic work should be extremely 
fruitful. Professor Morral has done considerable work with just such co-ordi- 
nation. We, however, believe that more work is needed before the picture is 
as clear as it should be. 

Mr. Leffingwell’s remarks regarding the interpretation of the photomicro- 
graphs shown in Fig. 6 and his splendid photomicrographs are certainly wel- 
come. It would appear from Mr. Leffingwell’s photomicrographs that it is 
unlikely that the tin-zinc eutectic is present in the structure shown in our Fig. 
6 since there is little similarity between the structure observed in his Figs. A, 
B and C to that observed in Fig. 6. 

We have been unable to try out Mr. Leffingwell’s exact polishing pro- 
cedure although we have used chromium oxide polishing agents with lesser 
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success than the procedure we have described. It has been our experience that 
galvanized coatings with heavy alloy layers are more readily polished than 
those with thin alloy coatings such as our Figs. 3 and 4. In the latter coat- 
ings the zinc seems to be most susceptible to an etching attack if the pH is 
not controlled. 

We agree that! much work remains to be done on the structure of zinc 
coatings. We have as yet achieved no suitable means of identification, by metal- 
lographic means, of the various constituents present in galvanized coatings. We 
have heretofore been frustrated in such attempts by difficulties in polishing 
procedure. 

We do believe, therefore, that with a suitable polishing procedure avail- 
able this task should be easier of solution. 
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PRACTICAL DATA FOR PRESENT PROBLEMS 


Here are two books designed to help 
users of Molybdenum steels and irons 
to conserve all alloying elements, and 
possibly steel and iron, by getting the 
most in the way of strength, toughness 
and wear resistance with the lowest 
alloy content. 


“MOLYBDENUM IN STEEL” covers 
the fundamental metallurgy of Molyb- 
denum steels. Heat treatment — physical 


properties — applications — of a number 
of these steels are treated at length. 


“MOLYBDENUM IN CAST IRON” 
covers the effect of Molybdenum in 
gray iron, giving suggested analyses 
for practical applications and detailed 
discussion of high strength (60,000 p.s.i. 
and up) irons. 

Both books will gladly be sent with- 
out charge on request. 


Clima mm pany 
500 Fi e k City 
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The Fisher Metallurgical Chart shows the photomicrographs of 166 S.A.E. 
Steels as well as the Brinell Hardness, recommended heat treatments, hard- 
ening and toughening heat treatments, miscellaneous heat treatments, and 
uses of each one. A handy temperature conversion table is also included. 


The chart was compiled by Drs. Albert Sauveur and E. L. Reed and is 
extremely useful in commercial as well as educational laboratories. 


The chart is 62 inches wide and 60 inches high; it is printed on enameled 
paper backed with canvas and has a wooden roll at the top and bottom. 


Each, $10.00 


Fisher Scientific Co. Eimer and Amend 
711 Forbes St., Pittsburgh 19, Pa. 635 Greenwich St., New York 14, N.Y. 
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Castings 


With the present tempo 
of defense production in- 
creased to a new high, 
MUCH depends on speed. 


Premature failure of heat 
treating equipment causes 


unnecessary delay. 


THERMALLOY X-RAY IN- 
SPECTION discloses facts. 
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Statement of the ownership, management, circulation, etc., 
required by the acts of Congress of August 24, 1912, and March 
3, 1933, of Transactions of American Society for Metals, pub- 
lished quarterly at Cleveland, Ohio, for October 1, 1943, State 
of Ohio, county of Cuyahoga, ss. Before me, a notary public, 
in and for the State and county aforesaid, personally a 
Ray T. Bayless, who, having been duly sworn according to law, 
deposes and says that he is the editor of the TRANSACTIONS of 
the American Society for Metals, and that the following is, to 
the best of his knowledge and belief, a true statement of the 
ownership, management, etc., of the aforesaid publication for 
the date shown in the above caption, required by the Act of 
August 24, 1912, as amended by the Act of March 3, 1933, 
embodied in section 537, Postal Laws and Regulations, to wit: 

1—That the names and addresses of the pupblisher, edi- 
tor, managing editor, and business managers are: Publisher, 
American Society for Metals, 7301 Euclid Ave., Cleveland, O.; 
Editor, Managing Editor and Business Managers, Ray T 
Bayless, 7301 Euclid Ave., Cleveland, O. 

2.—That the owner is: The American Society for Metals, 
7301 Euclid Ave., Cleveland, Ohio, which is an educational 


institution, the officers being: President, H. J. French; Vice- | | 


President, M. A. Grossmann; Secretary, W. H. Eisenman; 
Treasurer, F. B. Foley; Trustees: Bradley Stoughton, Erle G. 


Hill, V. N. Krivobok, N. F. Tisdale, K. R. VanHorn. All 


officers as above, 7301 Euclid Ave., Cleveland, Ohio. 

3—That the known bondholders, mortgageea; and other 
security holders owning or holding 1 per cent or more of total 
amount of bonds, mortgages, or other securities are: none. 

4.—That the two paragraphs next above, giving the names 
of the owners, stockholders, and security holders, if-any, con 
tain not only the list of stockholders and security holders as 
they appear upon the books of the company but also, in cases 
where the stockholder or security holder appears upon the 
books of the company as trustee or in any other fiduciary rela- 
tion, the name of the person or corporation for whom such 
trustee is acting, is given; also that the said two. paragraphs 
contain statements embracing affiant’s full knowledge and be- 
lief as to the circumstances and conditions under which stock- 
holders and security holders who do not appear upon the books 
of the company as trustees, hold stock and securities in a 
capacity other than that of a bona fide owner; and this affiant 
has no reason to believe that any other person, association, or 
corporation has any interest direct or indirect in the said stock, 
bonds, or other securities than as so stated by him. Ray T. 
Bayless, managing editor, sworn to and subscribed before me 
this 4th day of October, 1943. 

(Seal) Arthur T. Wekrle, notary public. 

(My commission expires January 20, 1944) 
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Members of the Society wishing copies of the 
Index to Vol. XX XI of TPANsAcTIONS may secure 
same free upon request to A.S.M. Headquarters, 
7361 Euclid Ave., Cleveland 3, Ohio. 





$1 Binds Your ‘Titosactious 


Members who wish to preserve Vol. XXXI of 
TRANSACTIONS in bound form should send their 
copies to National Headquarters together with $1 
which covers the cost of binding in blue cloth to 
match previous bound volumes. If any member | 
wants to keep his copies of the issues of Vol. 
XXXII, March through December, 1943, in loose 
form and yet have a bound volume for his library, 
a complete bound volume will be supplied for $5, 















